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Resumo 
A limitação intrínseca das sondas convencionais no monitoramento de 
temperatura nas escalas micro e nanométrica tem impulsionado a pesquisa visando o 
desenvolvimento de novos termômetros não invasivos, autoreferenciados e que 
apresentem sensibilidade térmica elevada e melhor resolução espacial.  Para alcançar 
tal objetivo, os polímeros de coordenação contendo íons lantanídeos constituem 
alternativa promissora devido às propriedades espectroscópicas dos íons lantanídeos 
e pelo fato das estruturas dos polímeros de coordenação permitirem a inserção 
simultânea de dois ou mais íons oticamente ativos. Essa tese apresenta uma série de 
compostos de coordenação homo e heterolépticos contendo uma mistura dos íons 
GdIII, TbIII e EuIII amplamente caracterizados usando as técnicas de difração de raios 
X de monocristal e de pó, espectroscopias de refletância difusa  e vibracional na região 
do infravermelho, análises elementar e termogravimétrica, e finalmente testados como 
sondas óticas raciométricas para aplicação na nano termometria óptica.  Inicialmente, 
os ligantes 1,3,5-tris(4-caboxifenoximetil)benzeno (H3TCPMB) e 1,3,5-tris(2,6-
dicarboxipiridina-4-oximetil)benzeno (H6TDCPMB)  foram preparados e usados na 
preparação dos compostos homolépticos os quais são representados pelas fórmulas 
gerais  Tb0.95Eu0.05-TCPMB e Gd1.6-xTb0.4Eux-TDCPMB (x = 0.1, 0.2, 0.3, 0.4, 0.5), 
respectivamente. Em seguida, os polímeros de coordenação heterolépticos 
representados por TbxEu1-x-BDC-AC (x= 0.93, 0.993)  e TbxEu1-xacacxBDC1.5-x/2 (x = 
0.99, 0.95, 0.90, 0.85, 0.75) baseados nas misturas dos ligantes  ácido 1,4-
benzendicarboxilico (H2BDC) / ácido antracenocarboxílico (HAC) e ácido 1,4-
benzendicarboxilico (H2BDC) / acetilcetona (Hacac), respectivamente, foram 
preparados e investigados. Monitorando a variação da razão de intensidade ITb / IEu, 
os sistemas co-dopados Gd1.6-xTb0.4Eux-TDCPMB apresentaram respostas lineares 
em amplas faixas de temperatura. Por exemplo, os compostos Gd1.5Tb0.4Eu0.1-
TDCPMB e Gd1.3Tb0.4Eu0.3-TDCPMB são potencialmente aplicáveis como sondas de 
temperatura nas faixas de 273 – 373 K e de 100 - 300 K, respectivamente. Além disso, 
o composto Gd1.5Tb0.4Eu0.1-TDCPMB apresenta uma sensibilidade absoluta de 4,9 
%K-1 que é um valor consideravelmente alto em comparação aos resultados 
reportados na literatura para compostos de íons lantanídeos. Os compostos 
heterolépticos também apresentaram resultados promissores com destaque para o 
 
 
composto Tb0.90Eu0.1acac0.90BDC1.05 que apresenta uma faixa operacional entre 80 e 
280 K com uma sensibilidade térmica absoluta de 45 %K-1  fazendo desse composto, 
portanto, um candidato potencial para ser utilizado como sonda ótica na termometria 
baseada na luminescência. Os dados sugerem que, a partir de uma optimização das 
frações dos íons lantanídeos, melhores resultados podem ser alcançados.  
 
 
Abstract 
The intrinsic limitation of the conventional temperature sensors in the remote 
temperature sensing at micro and nanoscale has put forward the research aiming for 
the development of non-contact, self-referenced thermometers and high temperature-
sensitive nanothermometers. To achieve this goal, the lanthanide-based coordination 
polymers (Ln-CPs) represent one a very promising approach due to the peculiar 
spectroscopic properties of the trivalent lanthanides (mainly the narrow emission band 
long-lived emission) and the fact that the CPs structure facilitates the simultaneous 
insertion of two or more optically active ions in the same matrix. This thesis presents a 
series of homo and heteroleptic CPs containing the mixed- GdIII, TbIII and EuIII ions 
which have been successfully synthesized by solvothermal and precipitation 
methodologies, fully characterized by single-crystal X-ray diffraction (XRD), powder X-
ray diffraction, diffuse reflection spectroscopy, FT-IR spectroscopy, elemental 
analyses and thermogravimetric analysis, and targeted as ratiometric optical probes 
for applications in luminescence-based thermometry. Primarily, the ligands1,3,5-tris(4-
carboxyphen-oxymethyl)benzene (H3TCPMB) and 1,3,5-tris(2,6-dicarboxypyridine-4-
oxy methyl)-benzene (H6TDCPMB)  were prepared and used to prepare the homoleptic 
co-doped CPs represented by the general formulas Tb0.95Eu0.05-TCPMB and Gd1.6-
xTb0.4Eux-TDCPMB (x = 0.1, 0.2, 0.3, 0.4, 0.5), respectively. Secondly, the heteroleptic 
Tb/Eu containing CPs represented by TbxEu1-x-BDC-AC (x= 0.93, 0.993)  and TbxEu1-
xacacxBDC1.5-x/2 (x = 0.99, 0.95, 0.90, 0.85 and 0.75) based on the mixed-ligands 1,4-
benzene dicarboxylic acid (H2BDC) / 9-anthracenecarboxylic acid (HAC) and 1,4-
benzene dicarboxylic acid (H2BDC) / acetylacetone (Hacac), respectively, were 
prepared and investigated. Monitoring the variation of the ITb / IEu intensity ratio, the co-
doped systems Gd1.6-xTb0.4Eux-TDCPMB show linear responses in wide temperature 
ranges. For instance, Gd1.5Tb0.4Eu0.1-TDCPMB and Gd1.3Tb0.4Eu0.3-TDCPMB may 
potentially operate in the ranges 273 – 373 K and 100 - 300 K, respectively. 
Interestingly, Gd1.5Tb0.4Eu0.1-TDCPMB displays an interesting high absolute thermal 
sensitivity of 4.9 %K-1. Also, promising results were obtained with the heteroleptic CPs 
highlighting Tb0.90Eu0.1acac0.90BDC1.05 which shows the operating range of 80 – 280 K 
with an absolute thermal sensitivity of 45 %K-1 making it suitable for applications as 
ratiometric optical probes for luminescence-based thermometry. Furthermore, it’s was 
 
 
observed that by virtue of adjusting the composition of lanthanide ions, better results 
should be obtained.  
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1. General Introduction 
1.1. The concept of temperature 
Temperature is one of the most important if not the most fundamental physical 
parameter, that describe and may affect the dynamics and viability of natural and 
engineered systems, hence its great importance as an informative parameter in many 
fields of natural science, medicine, and technology  [1,2].   For global climate patterns 
temperature is a major determining factor; a tiny change in average temperature may 
exert formidable effects on the environment worldwide. A temperature variation by just 
a few degrees may affect the plant yield, induces the apparition of invasive species, 
unbalances the aquatic life by varying the oxygen content for example. Consequently, 
the temperature is one of the most measured physical parameters, behind time and 
length, and probably that is one reason why thermal probes account for 80% of the 
total sensor worldwide market with a capital estimated to USD 5.13 billion in 2016 [2,3].  
In a first approximation, the temperature may be defined as a measurement of 
the tendency of an object to spontaneously give up energy to its surroundings. The 
movement of molecules or atoms produces heat (kinetic energy) and the greater the 
movement, more heat is generated and consequently higher the temperature of the 
system. However, this definition in terms of molecular kinetic energy is applicable 
basically only in a monoatomic ideal gas system. In that case, the equilibrium reached 
is one of maximum entropy, and the rate of approach to that state will be proportional 
to the difference in temperature between the two parts of the system. Considering the 
same ideal gas system, the equilibrium state will be the state of greatest entropy 
indicating that temperature (T) can be defined as the inverse of the rate of change of 
entropy* (S)  with energy †(U), with volume V and number of particles N held constant. 
This concept can be mathematically expressed by Eq.1 [4].  
 
 𝑇ିଵ = (𝜕𝑆 ⁄ 𝜕𝑈)௏,ே 
 
(Eq. 1) 
 
* Measure of the disorder of a system. 
† Energy associated with the random, disordered motion of atoms or atoms groups. 
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Understanding the fundamental role of the temperature in the physical and chemical 
properties of materials, accurate and precise measurements of temperature, and 
sometimes its mapping in real-time are vital in many industrial areas such as 
automotive, aerospace and defense, metrology, climate and marine research, 
chemistry, medicine, biology, military technology, air conditioning, practically in all 
devices for heating and cooling, in the production of plants and storage of food making 
the thermal probes as leader in the sensors world’s market [5]. By using a temperature 
sensor, one can measure the amount of heat energy or even coldness that is 
generated by an object or system, allowing the detection of possible physical change. 
With the arrival of the nanotechnology and the miniaturization of the devices, an 
increasing challenge to develop novel approaches in temperature sensing based on 
accurate and self-referenced Nano-thermometers operating according to non-invasive 
principle has gained importance.  
1.2.  Types of temperature sensors 
There are many different types of temperature sensors which, according to the 
operation principle, can be classified into two main groups: The contact and non-
contact thermometers [6]. The contact thermometers enable invasive measurement, 
where the monitoring device is installed in the medium of interest resulting in physical 
contact of the probe with the object being sensed and use conduction to monitor the 
temperature changes. In the non-contact thermometry, the measurement is 
noninvasive carrying out remotely usually by correlating the temperature changes to 
variations in some electromagnetic radiation. There are also the semi-invasive 
techniques where the medium of interest is treated in some manner to enable remote 
observation, for instance, surface coatings whose color changes with temperature [5]. 
In temperature sensing based on contact thermometers such as the liquid-filled 
glasses, the bimetallic, the thermocouples, the resistance temperature detectors 
(RTDs) and the thermistors, the temperature is correlated to the variations of  the 
thermal expansion of the liquid, the electric potential, the Seebeck effect intensity [7], 
Ohmic resistance and the electric conductance respectively [5]. Consequently, as 
suggested by the proper name, the temperature measurement using the contact 
thermometers requires heat transfer to reach the thermal equilibrium between sample 
and probe making them not suitable for temperature mapping in the presence of fast-
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moving objects (pistons in engines or rotors in gas turbines, for example), corrosive 
medium, in the  fabrication of microsystems such as: microfluidics, microelectronics 
integrated photonic devices, and the Nano-medicine (intracellular temperature 
probing) where the temperature measurement is revealed to be fundamental. Only to 
justify using some examples, in the fabrication process of micro and Nano-metric 
devices, the reduction of the dimensions of the electrical conduction channels lead to 
relevant resistances in such a way that the Joule heating effect becomes non-
negligible [8]. Thus, small geometry variations in the conduction wire can result in “hot-
spots” which can catalyze performance deterioration, affect the durability or / and 
cause an irreversible failure of the device. Knowledge of the these “hot-spots” should 
ease and increase the development and reliability of the microelectronics and allow to 
understand the low-scale thermal behavior.   In integrated photonic devices, the 
refraction index is the main parameter used for light manipulation. Strongly 
temperature-dependence makes the devices performance temperature-sensitive. 
Therefore, novel methods are needed for obtaining knowledge of the temperature 
distribution in micro-photonic and nanophotonic devices. Finally, in biomedicine, the 
detection of small temperature variations in biosystems can help in early diagnostic 
and treatment of many diseases because of the difference in the metabolic rates 
involving pathological and normal cells [9–11]. In biosystems, all chemical and 
biological processes such as; cell division, gene expression, enzyme reaction and 
protein denaturation, besides being directly affected by the ambient temperature,  
usually involve heat change implying that intracellular temperature distribution may be 
a good parameter to evaluate the thermodynamics and cell functions [12–14]. When 
dealing with these very small objects, contact thermometry methods are completely 
inadequate. Pursuing new alternatives to measure temperature in the mentioned areas 
encouraged scientists to develop new noninvasive and accurate thermal probe based 
on optical methods such as infrared thermography, thermal reflection, the Rayleigh 
and Raman scattering and the luminescence spectroscopy [6,8,15].  
Based on the black body radiation‡, the infrared thermography was the first kind 
of optical thermometer and has been widely used in medical and industrial areas to 
monitor surface distribution of temperature thus, it is unsuitable for surface with low 
 
‡ Thermal electromagnetic radiation surrounding a body in thermodynamic equilibrium with its 
environment. 
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emissivity beyond the low-spatial resolution [2]. Furthermore, the infrared-based 
thermometer cannot be used in most microfluidics systems once water and glass 
absorb the infrared radiation. The thermal reflection technique, limited by the 
requirement of an optical surface or interface, utilizes the temperature dependence of 
the reflection coefficient of a material.  Rayleigh and Raman scatterings§ are the elastic 
and inelastic scattering of light by molecules or very small particles, respectively [5]. 
The use of Rayleigh and Raman scattering to sense temperature is substantiated by 
the fact that vibrational modes are affected by temperature changes.  Because the low 
thermal sensitivity, these techniques are applicable only to those materials showing 
large Rayleigh and Raman scattering efficiencies. The luminescence-based 
thermometry has been emerged as a superior technique to overcome problems and 
limitations of the methods listed above.  
1.3.  The luminescence-based thermometry 
Luminescence, including the phosphorescence** and fluorescence††, can be 
defined as the emission of photons occurred after an appropriate material has been 
electronically excited by an external source such as chemical reaction, electron beams, 
electromagnetic radiation, and so on [16]. In general, the return to the ground state of 
an excited specie can occur via radiative or/and non-radiative processes with the 
decay rates Kr and Knr, respectively. The decay rates are temperature-dependent, at 
least, due to the Boltzmann distribution of the electrons between the vibrational levels 
within the electronic levels [2].   When exposed to changes in temperature, one or more 
luminescent properties of a material phosphor, such as bandwidth, band shape, 
polarization, emission lifetime, emission intensity, usually undergo some changes. If 
these changes are reproducible over successive cycling temperatures, the phosphor 
material can be characterized as a thermographic phosphor [3].   
The luminescence thermometry is the optical technique for temperature 
measurement exploring the temperature dependence of the luminescence of a 
thermographic material. Such new luminescent thermometers have distinct 
advantages over other conventional thermometers because of their fast-response, 
 
§ Scattering in this context is the absorption and re-emission of electromagnetic radiation by atoms and 
molecules. 
** radiative deactivation process via electronic transitions involving change in spin multiplicity. 
†† radiative deactivation process via electronic transitions without change in spin multiplicity. 
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high sensitivity, noninvasive operation, and inertness to strong electric fields 
opening routes for temperature mapping in reduced scale regions where contact 
thermometers are unsuitable. Indeed, the design and development of thermographic 
materials has been a very active research field in recent years.  
Since Demas and De Graff have reported the first luminescent ruthenium 
complexes having thermographic properties in 1988 [17], many compounds were 
investigated for applications as optical thermal probes. Between the classes of 
compounds susceptible to be used as luminescent probes, one can mention the 
organic dyes, polymers dots, chelate complexes, up-conversion nanoparticles, 
semiconductor nanocrystals and trivalent lanthanides incorporated into inorganic, 
organic or hybrid hosts, where the temperature sensing is in general based on the 
decrease of their emission intensity with increasing temperature, due to the thermal 
activation of non-radiative relaxation pathways [18–21]. The lanthanide-based 
materials have attracted attention due to the uniqueness of the photophysical 
properties of the trivalent lanthanide ions. More recently, a step forward was made by 
the introduction of multi-center lanthanide luminescent thermal probes containing at 
least two optically active ions. If the emission of each luminescent center follows 
different thermal behaviors, the corresponding emission intensity ratio can be strongly 
correlated to the temperature changes. In this context, the coordination polymers have 
attracted much attention by making easy the insertion of diverse ions in the same 
matrix. 
1.4.  Characteristics of a luminescence-based temperature sensor 
As for any sensor, the performance of a luminescence thermometer can be 
judged from a series of characteristics that define its figure of merit. Such parameters 
can be divided into two categories: the static characteristics which are measured after 
all transient effects have been stabilized to their final or steady-state values and the 
dynamic characteristics which are employed to describe the sensing system’s transient 
properties [22]. These characteristics deal with issues such as the rate and the 
accuracy at which the output changes in response to a measurand alteration and how 
these changes occur. Among the parameters that compose the static characteristics 
are: accuracy, precision, repeatability, reproducibility, stability, error, noise, drift, 
resolution, minimum detectable signal, calibration curve, intrinsic sensitivity, linearity, 
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selectivity, hysteresis, measurement range, response and recovery Time [22]. In the 
literature of luminescence-based thermometry, the thermal sensitivity (S) is the most 
frequently reported parameter used as figure of merit. Defined as the quotient of an 
observed optical parameter Q  (peak energy, luminescence lifetime, emission intensity, 
luminescence quantum yield or ratio between band intensities) and the change in the 
temperature (T), the thermal sensitivity is given by (Eq. 2).  
 𝑆 = 𝜕𝑄 𝜕𝑇ൗ  
(Eq. 2) 
Temperature sensors showing large absolute changes in Q with small changes in 
temperature will be the most sensitive. In practice, however, a quantitative comparison 
of temperature sensors operating by different mechanisms or in different temperature 
ranges has proven challenging. In order to make this comparison possible, it was 
suggested a normalization of the internal thermal sensitivity introducing the relative 
thermal sensitivity (Sr) defined as presented in (Eq. 3).  
 
𝑆௥ =
𝜕𝑄
𝜕𝑇ൗ
𝑄
 
(Eq. 3) 
From the absolute sensitivity and the measurement uncertainty σ which depends on 
the instrument, one can estimate the temperature 𝛥𝑇௠௜௡ and spatial 𝛥𝑥௠௜௡ 
resolutions according to Eq. 4 and Eq. 5, respectively. 
 𝛥𝑇௠௜௡ =
𝜎
𝑆
 (Eq. 4) 
 
𝛥𝑥௠௜௡ = ฬ
𝑑𝑥
𝑑𝑇ฬ
𝛥𝑇௠௜௡ 
(Eq. 5) 
1.5.  The trivalent lanthanide ions and their luminescence properties 
The lanthanides represent the group of 14 elements from Ce (Z = 58) to Lu 
(Z = 71). By including the group-prototype (La) and the d-elements Sc (Z = 21) and Y 
(Z = 39) due to their similarity, the group is named as rare-earth elements.  The 
lanthanum and the lanthanides exhibit the electronic configuration of [Xe]4fn6s2 where 
n = 1-15 with notable exceptions for lanthanum, cerium, gadolinium, and lutetium which 
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also may be found in the  [Xe]4fn-15d16s2 configuration resulting in a higher spin 
multiplicity (Table 1). The trivalent lanthanides (LnIII) are their most stable oxidation 
state with the electronic configurations being [Xe]4fn (Table 1) thus, the trivalent 
lanthanide ions have in common an open 4f shell. Because of the largest radial 
extension of the filled 5s and 5p orbitals regarding the 4f shell, the 4f electrons are 
founds to be shielded from the coordination environment (Fig. 1). As a result, 
lanthanides bind mostly through non-directional electrostatic nteractions. Trivalent 
lanthanide ions have a wide range of coordination numbers, typically ranging from 6 to 
12 (most commonly 8 and 9) with coordination geometries being determined by ligand 
steric considerations rather than crystal field effects. 
Table 1: Electronic Configurations of the trivalent Lanthanide ions in the Ground State. 
  Electronic configuration 
Element Symbol Ln LnIII  
Lanthanum La [Xe]4f ଴5dଵ6sଶ [Xe]4f ଴ 
Cerium Ce [Xe]4f ଶ6sଶ [Xe]4f ଵ 
Praseodymium Pr [Xe]4f ଷ6sଶ [Xe]4f ଶ 
Neodymium Nd [Xe]4f ସ6sଶ [Xe]4f ଷ 
Promethium Pm [Xe]4f ହ6sଶ [Xe]4f ସ 
Samarium Sm [Xe]4f ଺6sଶ [Xe]4f ହ 
Europium Eu [Xe]4f ଻6sଶ [Xe]4f ଺ 
Gadolinium Gd [Xe]4f ଻5dଵ6sଶ [Xe]4f ଻ 
Terbium Tb [Xe]4f ଽ6sଶ [Xe]4f ଼ 
Dysprosium Dy [Xe]4f ଵ଴6sଶ [Xe]4f ଽ 
Holmium Ho [Xe]4f ଵଵ6sଶ [Xe]4f ଵ଴ 
Erbium Er [Xe]4f ଵଶ6sଶ [Xe]4f ଵଵ 
Thulium Tm [Xe]4f ଵଷ6sଶ [Xe]4f ଵଶ 
Ytterbium Yb [Xe]4f ଵସ6sଶ [Xe]4f ଵଷ 
Lutetium Lu [Xe]4f ଵସ5dଵ6sଶ [Xe]4f ଵସ 
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Fig. 1: Radial distribution plot of the s, p, d, and f valence orbitals in the hydrogen-like Lanthanide ions. 
 
Because of the incomplete 4f shells, the electronic configurations [Xe]4fn 
generate many electronic states responsible for their magnetic and spectroscopic 
properties. In comparison with other types of metal ions, lanthanide ions exhibit a large 
atomic magnetic moment, strong spin-orbital coupling, high coordination number, and 
abundant coordination modes. These peculiar properties imply many technological 
applications for trivalent lanthanide ions containing systems such as light-emitting 
diodes and display devices [23], optoelectronic devices [24], lasers, biological imaging 
applications [25], light-emitting sensors for hetero and homogeneous fluoro-
immunoassays [26]. In lanthanide compounds, the metal-centered luminescence is 
due to intra-configurational f–f electronic transitions. Due to the shielding of the 4f 
electrons from the external environment by the filled 5s and 5p orbitals, the spectral 
properties of lanthanide ions are minimally perturbed by the external field generated 
by their chemical ambient. Consequently, the shapes of the potential energy surfaces 
(PES) retain most of their atomic characters. In other words, in a configurational 
coordinate diagram, the electronics levels owing from the 4fn  configurations can be 
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considered matrix-independent and represented as parallel parabolas. Therefore, the 
relative energies of the electronic states (2S+1LJ where L represented by S, P, D, F, G, 
H, I, K, L, M,... for L = 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, ...,S and J are the orbital, spin and total 
angular  momenta respectively as shown in the well-known Dieke diagram given in 
Fig. 2) due to the fact that the 4fn configuration is practically independent of the 
chemical environment of the trivalent ion. The total momentum J is given by the sum 
J = L-S and L+S when the number of 4f electrons is smaller and larger than 7 
respectively. 
  
 
Fig. 2: Energy diagrams of the trivalent lanthanide ions and radiative transitions between different levels. 
Adapted from [27].   
 
As a consequence of the 4f electrons shielding, in lanthanide compounds, the 
interaction with the ligand crystal field in the order of 102 cm-1  is considerably smaller 
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than the spin-orbit interaction which is in the order of 103 cm-1. The crystal field only 
perturbs splitting them into the so-called Stark sublevels [28]. The number of Stark 
components depending on the crystal field symmetry and selection rules can reach 2J 
+ 1 when J is an integer number or J + ½ when J is a half-integer number. Fig. 3 
shows an illustration of the influence of principal physical interactions on the 
development of the energy level structure of a trivalent europium ion when introduced 
into a solid. 
  
 
Fig. 3: Diagram representing the interactions leading to the splitting of the electronic energy levels of a 
EuIII ion inserted in a solid [29].  
  
With the exception of LaIII and LuIII, the luminescence is specific for each 
trivalent lanthanide ion and characterized by narrow and well-separated emission 
bands covering the whole spectrum range from the UV (GdIII) to the visible (PrIII, SmIII, 
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EuIII, TbIII, DyIII and TmIII) and further into the NIR region (PrIII, NdIII, HoIII, ErIII and YbIII) 
making them excellent candidates as luminescence-based probes [30–32]. Such 
narrow emission bands in the visible range enable the construction of solid-state light 
materials and devices with high color purity. Furthermore, their relatively long-lived 
luminescence falling in the range of micro to milliseconds is an attractive feature 
from an analytical viewpoint, as it allows the implementation of time-gating 
procedures so that the lanthanide luminescence is readily distinguished from the 
shorter-lived (sub-microseconds) background of biomolecules avoiding thus, 
autofluorescence and Rayleigh scattering in measurements involving biological 
systems [33]. Due to the almost independence of the 4fn electronic configuration 
regarding the chemical environment, the spectral energies of the absorption and 
emission lines of a trivalent lanthanide (excepted CeIII whose emission spectrum may 
exhibit f-d bands) are slightly dependent of the matrix where it is inserted while the 
profile and band intensities are symmetry-dependent. However, their emission 
intensities are very sensitive to structural details of the coordination environment 
providing thus, an effective platform for specific chemical sensing.  
In a free LnIII, electronic transitions are allowed by magnetic dipole (𝚫J =  0,1 
except for 0 ↔ 0) and completely forbidden by electric dipole. By inserting them in an 
environment site without inversion center can result in mixing of the opposite parity 
configurations [Xe]4f ௡ିଵ𝑑 and [Xe]4f ௡ allowing, to the transition, a small electric dipole 
component which becomes the main component due to its magnitude. These 
transitions are governed by specific selection rules established simultaneously by the 
scientist G. S. Ofelt [34] and B. R. Judd [35] as 𝚫J, 𝚫L ≤ 6 and 𝚫S = 0. It’s also 
demonstrated that for trivalent lanthanide with even electron numbers, the electronic 
transitions from J = 0 to J’ = 0, an odd number and 2,4 or 6 are forbidden, weak and 
strong respectively due to J-mixing [36].  
 Although their photoluminescence is an efficient process, direct excitation of 
the trivalent lanthanides is a very inefficient process due to the fact that electronic 
transitions within the f manifold are forbidden by odd parity also known as Laporte rule 
since there is no change in the angular momentum quantum number between the 
excited and ground state. In some cases, the 4f-4f electron transitions are also spin-
forbidden [37]. As a consequence, the absorption lines of these ions are very weak 
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and characterized by low molar absorption coefficient (smaller than 10 L mol-1 cm-1) 
rendering very inefficient the direct excitation which is only practicable with lasers 
[38,39]. Accordingly, the emission lines of the free lanthanide ions are very weak. This 
limitation may be circumvented by the so-called antennae effect also known as 
photosensitization [40]. It was observed for the first time, in 1942, by Weissman who 
studied the luminescence of EuIII based complexes upon UV excitation [40,41]. The 
Antennae effect consists of an intramolecular energy transfer [42] from an adjacent 
strongly absorbing chromophore to the LnIII stimulating its luminescence [43]. Good 
candidates as photosensitizers include both organic molecules and inorganic matrices 
[44]. To achieve this indirect excitation of the lanthanide ions, some conditions should 
be fulfilled such as photostability of the matrix, high absorptivity mainly in the blue 
region and the energy transfer to the lanthanide ion should be efficient compared with 
other energy decay processes of the ligand excited state. In general, the energy of the 
lowest triplet and the first singlet electronic levels of the ligand also play a crucial role.  
According to Latva and collaborators ([45]) who investigated the intramolecular energy-
transfer processes from the triplet energy level of the ligand to the resonance levels of 
the LnIII ions in more than 40 different EuIII and TbIII compounds, when the lanthanide 
ion is coordinated by the chromophore ligand, luminescence optimal sensitization 
requires an energy gap in gate 2100 - 4500 cm−1 between the ligand triplet state and 
acceptor level of the lanthanide [45]. A very small energy gap between ligand triplet 
and lanthanide accepting state enables thermally activated energy-back transfer 
re-populating the triplet state resulting in a dramatic decrease in the luminescence 
quantum yield [45]. On the other hand, if the energy gap is too great, then the 
efficiency of the energy transfer step is compromised so a balance needs to be 
reach between these opposing factors [39]. An accepted scheme for the energy 
transfer from organic ligands to a lanthanide ion can be described as shown in Fig. 4 
[46]. The ligand absorbs radiation and is excited to a vibrational level of a singlet state 
represented here by S1. The molecule undergoes fast internal conversion to lower 
vibrational levels for instance through interactions with solvent molecules. The excited 
singlet state undergoes non-radiative intersystem crossing (ISC) to the triplet state. 
Subsequently, the system undergoes an intramolecular energy transfer from the triplet 
state to a level of the lanthanide ion which emits its characteristic emission via f-f 
electronic transitions after the internal conversion (IC). The rate and efficiency of the 
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ligand triplet to the trivalent lanthanide is maximized when there is a short distance 
between the chromophore and the lanthanide ion, a relatively small energy gap and 
no competing back-energy transfer. As represented in the figure, in some cases, the 
energy transfer can occur also directly from the singlet state. There are a series of 
undesirable decay processes including the ligand fluorescence and phosphorescence 
and interaction of the triplet level with other molecules which can reduce the efficiency 
of the sensitization phenomena.  
 
 
Fig. 4: Schematic representations of energy absorption, energy migration and emission processes in 
lanthanide complexes: ISC = intersystem crossing; ET = energy transfer; IC = internal conversion. 
Adapted from [46]. 
 
The energy-transfer process from ligand excited states to the energy levels of 
the lanthanide ions can proceed via Förster and/or Dexter mechanisms [33,47]. Both 
mechanisms are schematized in Fig. 5. The Dexter mechanism involves an electron-
transfer from the excited state of the donor to the unoccupied excited state of the 
acceptor. Simultaneously, an electron of the electronic ground state of the acceptor 
migrates to the poorly occupied electronic ground state of the donor. To occur this 
electron exchange mechanism, the system needs to present an overlap between the 
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wavefunctions of the donor and the acceptor. In this context, a good orbital overlap 
and a short distance between the LnIII ion and the ligand are required. In the Förster 
mechanism, electronic multipolar interactions between the donor excited state and the 
acceptor ground state enabling an energy transfer, in which absorption and emission 
of the energy occur simultaneously. A large oscillator strength is required for efficient 
energy transfer by the Förster mechanism. Finally, the average performance of all 
processes together may be quantified by the average luminescence quantum yield 
defined as the ratio of the number of emitted photons to the number of absorbed 
photons per time unit. 
 
 
Fig. 5: Diagrams illustrating the (A) Forster resonant energy transfer and (B) Dexter energy transfer 
mechanisms. 
 
Once the limitation regarding the direct excitation is solved, luminescent 
lanthanide materials have been extensively prepared and applied in displays, lighting 
apparatus [48], LASER devices and photo isolators‡‡ [25,49] and as no-contact 
molecular probes for diverse applications including the measurement of temperature. 
1.6.  Lanthanide coordination polymers and temperature sensing 
Denomination used, for the first time, by Y. Shibata in 1916 to describe dimers 
and trimers of various cobalt(II) ammine nitrates [50], the coordination polymers are, 
 
‡‡ Electronic component that transfers electrical signals between two isolated circuits by using light. 
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according to the International Union of Pure and Applied Chemistry (IUPAC), all 
inorganic-organic materials composed of repeating coordination entities forming an 
extended array in one, two or three dimensions via metal coordination bonds [51]. In 
this context, an entity is defined as an ion or a neutral molecule composed of a central 
metal ion to which is attached a surrounding array of atoms or groups of atoms known 
as ligands. The crystalline coordination polymers are known as coordination network 
and metal-organic framework (MOF) when the coordination network exhibits a 
tridimensional structure and are potentially porous [51]. Due to the porosity, the MOFs 
constitute a sub-class of CPs that are attractive for scientific and industrial applications 
as porous materials owing to the large surface areas, and relatively good chemical and 
thermal stabilities. From the structural point of view, a crystalline coordination polymer 
consists of the central ion center and the linker. The ion and the first coordination 
sphere form the primary building unit (PBU) or coordination polyhedron§§. PBUs units 
can edge or face share defining a secondary building unit (SBU) which can propagate 
into zero-dimensional  dimer, trimer, tetramer, chain and sheet as shown in Fig. 6.  
 
 
Fig. 6: Examples of secondary building units in coordination polymers [52–54]. 
 
§§ In a coordination entity, the solid figure defined by the positions of the ligand atoms directly attached 
to the central atom. 
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In general, single crystal of coordination polymers are obtained under mild 
solvothermal conditions.  Taking advantage of the nearly limitless choices of metal ions 
and organic linkers, one can design and create MOFs with predictable structures and 
porosities, nanoscale processability, and collaborative properties to develop 
luminescent multifunctional materials for applications in many important areas such as 
heterogeneous catalysis, separations, gas storage, light-emitting devices, display, 
metal ions and small molecules probing based on the host-guest chemistry [55–62]. 
Furthermore, the dimensional cavities can enable the encapsulation of guest species 
by post-synthetic modification without change in the crystalline structure [63].  
Among the coordination polymers, the lanthanide-based ones, self-assembled 
from organic ligands and trivalent lanthanides ions, have emerged as a very promising 
sub-group and gained attention in the polymers and materials science. In comparison 
to the d-block metal ions, the lanthanide ions estabilish chemical bonds mainly via 
nondirectional electrostatic interactions and,  have higher coordination numbers and 
connectivity (in the range 6-13 [64]) favorable for the structure stabilization, thermal an 
chemical stability.  Consequently, the topology of the lanthanide-based coordination 
polymers is not largely predictable. This group of coordination polymers combine the 
attractive structural advantages of the coordination polymers and the intrinsic magnetic 
and the spectroscopic properties of the optically active trivalent lanthanides, such as 
the well-defined line emissions, relative high quantum yields, large ligand-induced 
Stokes, also known as pseudo-Stokes shifts  and long emission lifetimes providing a 
bright promise to develop novel multifunctional luminescent materials with enhanced 
targeted functionalities and high added values for specific applications [32,65]. In the 
lanthanide-containing coordination polymers, furthermore the optically active central 
ion, luminescence may derive from the organic moieties and also guest molecules 
within the Ln-CPs may luminesce or induce luminescence. Compared with the 
traditional molecular approach, by making use of molecular organic and coordination 
compounds to explore functional luminescent materials, the coordination polymer 
approach also has the advantage to collaboratively interplay/interact with each other 
among the periodically located luminescent centers directing new functionalities 
making them multi-functional materials that can be used in various applications [66]. In 
fact, over the past two decades, a variety of luminescent coordination polymers have 
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been realized for their diverse applications on chemical sensing, light-emitting devices 
such LEDs technologies, and biomedical imaging and the monitoring of drug delivery 
and treatment [9,67,68]. The polycarboxylate binders bearing aromatic sensitizing 
chromophores are the main class of ligands used in the design and construction of 
lanthanide coordination polymers due to the oxophilic nature of the trivalent 
lanthanides which are hard acid species (according to the Pearson’s Hard/Soft 
Acid/Base Theory) and preferably bind to ligands with hard electron donor atoms such 
as N and O  [69]. Due to the high coordination numbers, the flexibility of the trivalent 
lanthanide coordination spheres and the character mostly ionic of the bonds, it is 
generally rather difficult to obtain high-quality crystals of Ln-based CPs and the 
establishment of permanent porosity is more difficult in comparison to d metal-
containing coordination polymers [61]. Many  Ln-CPs has been evaluated for use in 
gas storage and separation, proton conduction, heterogeneous catalysis and as 
probes in the sensing of small organic molecules, cations, anions, vapor and 
temperature where the changes in analyte concentrations or temperature can be 
reflected by the changes of luminescence intensity and lifetime [2,57,70]. In 2008, 
Chen and Quian reported the selectivity of the coordination polymer Eu(PDC) (PDC is 
the pyridine-3,5-dicarboxylate) for CuII sensing [71]. By exploring the high-sensitive 
character of the emission intensity of EuIII regarding its first coordination sphere, the 
same authors showed the potential of the Eu-based coordination polymer Eu(BTC) 
(BTC = 1,3,5-benzenetricarboxylate) for dimethylformamide and acetone sensing [72].   
Despite the relatively high number of luminescent parameters susceptible to be 
used as metrics in luminescence-based sensing, most of the works reported deal with 
the changes of a temperature-dependent emission intensity [63]. When established 
between the temperature and the variations of the intensity of only one emission band, 
the correlation may lead to erroneous conclusions due to the fact that, beyond the 
temperature, the emission intensity can be heavily affected by the excitation power, 
inhomogeneity of the luminophore, drifts within the optoelectronic devices and possible 
variation in the scatter cross section changing the sample [56,63,73]. Although overall 
quantum yield and emission lifetimes are independent of these factors, their 
measurements require a relatively long experimental time and computational 
treatment. To avoid these drawbacks of the single intensity-based methods, the self-
calibrating technique using as parameter the intensity ratio of a dual emitting system 
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has been introduced as a superior technique. To be applicable, the dual-emitting 
sensor must show resolvable luminescence from two different excited states. When 
the temperature changes affect the luminescence intensities of two distinct species, 
its effect is become measurable from relative instead of absolute luminescence 
intensities, reducing the impact of the extrinsic factors. 
Exploring the platform of a coordination polymer, dual emitting sensor may 
be designed basically in three different ways regarding the extent of population 
migration between the two optically active excited states as schematized in Fig. 7.  
 
 
Fig. 7: Schematic summaries of three different electronic structures leading to dual emission system. (a) Two 
independent luminescent centers where one, at least, shows a response to temperature. (b) Two luminophores 
interacting through energy transfer. (c) Two luminescent excited states in fast thermal equilibrium. Adapted from 
[19]. 
 
In the first case (a), two electronically independent optically active centers 
(metal ions or guest molecules) are mixed and incorporated in the same matrix. There 
is no energy migration between them on the time scale of their luminescence and the 
temperature dependence of both luminescence occurs only due to the different 
quenching behavior of each luminescent center. The key point in this approach is the 
temperature dependence of the radiative and nonradiative deactivation rates of both 
excited states. To achieve high thermal sensitivity values,  it is desirable that one of 
the centers has a strong temperature-dependent emission while the other shows a 
temperature-independent emission or has its emission intensity varying in opposite 
direction. In a second way (b), the dual-emitting system is obtained by using two 
electronically coupled emitters allowing energy migration between them such as 
between ligands and lanthanide ions. Finally, the third scenario (c) involves a unique 
luminescent specie with two thermally coupled emitting states. In this scenario, 
temperature controls the population distribution, and therefore the relative 
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luminescence intensities from the two excited states. Two excited levels 1 and 2 are 
considered as thermally coupled when the energy gap between them is less than 2000 
cm-1 [3]. In this case, assuming a Boltzmann distribution of the electrons between the 
states,  the electronic population (Pi =1,2) of each of them may be expressed in the form 
of Eq. 6 [74].  
 𝑃௜ୀଵ,ଶ = 𝛼௜𝑒ିா೔/௄ಳ் (Eq. 6) 
Where αi and Ei represent the level degeneracy and the energy of the state i. KB = 
0.695 (cm K)-1 and T are the Boltzmann's constant and thermodynamic temperature. 
Therefore, the ratio of probabilities of the two states known as Boltzmann factor [75] 
depends only on the energy gap of the states and is given by Eq.7. 
 𝑃ଶ
𝑃ଵ
=
𝛼ଶ
𝛼ଵ
𝑒
ாభିாమ
௄ಳ்  
(Eq. 7) 
Since the emission intensity (Ii) owing from the radiative deactivation of the state i to 
the fundamental level is given by Eq.8. 
 
 𝐼௜ = ℎ𝜈௜𝐴௜𝑃௜ (Eq. 8) 
 Where h, I, Ai, are the Plank constant, the barycenter of the band and radiative 
transition probability, respectively. Therefore, the intensity ratio of the emission 
intensities owing from two excited thermally levels can be deduced to be (Eq.9): 
 
  𝐼ଶ
𝐼ଵ
= 𝐵𝑒
ாభିாమ
௄ಳ்  
(Eq. 9) 
 With B being given by Eq.10.  
 
𝐵 =
𝑣ଶ𝐴ଶ𝛼ଶ
𝑣ଵ𝐴ଵ𝛼ଵ
 
(Eq. 10) 
 As expected, Eq.9 shows an increase in the intensity ratio with the temperature. 
Recently, taking advantage of the thermal coupling of the 5D0 and 5D1 EuIII 
excited states, Aleksandar and collaborators published a paper about an investigation 
of the luminescent thermometer based on a EuIII doped YVO4 matrix studied on the 
range from room temperature to 733 K [3]. The thermographic parameters were 
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defined as the intensity ratios between the bands assigned to the 5D1→7F1 and  
5D0 →7F2,4 electronic transitions. 
The coordination polymers represent a very easy way to insert an infinity of 
optically active centers in the same sensitizer matrix obtaining isostructural compounds 
where energy migration between the building ligands and the central ions may be 
modulated by modifications in nature and the molar ratios between ligands and 
lanthanide ions.  By using this approach, mixed-lanthanide coordination polymers may 
be easily achieved, which are very interesting in white light generation and ratiometric 
probing. The richness of organic linkers to tune their different triplet excited state 
energy and thus to sensitize different combination of lanthanide ions in their 
luminescent mixed-lanthanide coordination polymers enables the construction of 
diverse structures optimizing the energy transfer among the lanthanide ions to obtain 
highly sensitive luminescent thermometers with tunable response range. In such 
systems, the luminescence intensity, emission lifetime and overall quantum yield are 
usually higher due to the decrease of the concentration quenching effect.   Although 
the thermally coupled energy levels in diverse trivalent lanthanide such as ErIII, DyIII, 
and NdIII which should result in excellent thermal probes, most of the lanthanide mixed 
coordination polymers for ratiometric thermometers refer to TbIII / EuIII or GdIII / TbIII / 
EuIII embedded into organic-inorganic hybrid matrices. The rarity of the infrared 
emitting Ln-CPs may be due to the small energy gaps between the resonance level 
and the ground state of these ions making very easy the non-radiative deactivation of 
their excited states by the vibrations of the groups C=C, O–H, N–H and C–H present 
in organic binders.  The temperature dependence of the TbIII / EuIII relative intensity 
arises from thermally driven phonon-assisted energy migration mechanism. The GdIII 
ions do not participate in the emission process but reduce the amount of EuIII and TbIII 
centers preventing the effect of concentration quenching [76]. The GdIII / TbIII / EuIII 
ternary system is currently tested also as white light-emitting materials. The TbIII and 
EuIII ions exhibit green and red luminescence, respectively, whereas the ligands emit 
the blue fraction of the light. By careful tuning of the TbIII /EuIII /GdIII ratio, the emission 
color can be changed gradually, and white light emission can be achieved [55,68,77]. 
 Fig. 8 exhibits a simplified scheme of the energy migration processes susceptible to 
occur in a TbIII / EuIII mixed-lanthanide coordination polymer. After triplet state 
generation (T1) following the excitation of the ligand to a singlet state (S1), energy can 
47 
 
 
 
tune to both optically active ions with the rates K୘ୠଵ  and  K୉୳ଵ . Energy back-transfer may 
take place mainly from the emitting levels 5D4 (Kଵ୘ୠ) and 5D0 (Kଵ୉୳) to the ligand affecting 
negatively the radiative decay rates Kୈ୊୘ୠ and Kୈ୊୉୳  of the lanthanide ions.  
 
 
Fig. 8: Schematic representation of energy absorption, migration, emission, and processes in 
luminescent mixed lanthanide coordination polymers thermometers. Abbreviations: S = singlet; T= 
triplet, A = absorption probability; ISC = intersystem crossing; k = radiative transition probability. The 
solid arrows represent singlet-singlet absorption and radiative transitions; dotted arrows indicate non-
radiative transitions [78]. 
 
The performance of a co-doped lanthanide coordination polymer is closely 
dependent on these different energy transfer rates which may be modulated in different 
ways such as:   By using ligands with different triplet energy, mixing of ligands and 
post-synthetic modifications to attempt more sensitive thermometers operating in wider 
temperature ranges. Especially for EuIII / TbIII-based thermometer, the organic linkers 
need to have the triplet level energies ranging between 22,000 and 27,000 cm-1  to 
assure the simultaneous sensitization of both ions when the temperature dependence 
of the thermometric parameter is dominated by host-to-metal energy transfer or metal-
to-host back transfer mechanisms [79].  
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1.7. Examples of luminescent ratiometric thermometers based on 
lanthanide coordination polymers 
The high similarity between the ionic radii of the trivalent lanthanide makes 
possible the preparation of lanthanide-mixed CPs where the ions occupy the same 
chemical ambient. By rational definition of the ratio between the lanthanide salt 
precursors, emission can be realized from two individual emitting centers in one Ln-
based CP. These dual emission Ln-CPs have been proved to be promising materials 
as ratiometric probe for temperature sensing in different temperature regimes including 
cryogenic (T < 100 K), medium (100 < T < 300 K), physiological (293 < T < 323 K) and 
high temperatures (T > 323 K) [80]. The first ratiometric thermometer based on 
luminescent lanthanide coordination polymer was the mixed-MOF Tb0.9931Eu0.0069-
DMBDC (DMBDC = 2,5-dimethoxy-1,4-Benzenedicarboxylate dianion) reported by 
Qian and co-authors in 2011. The triplet state energy of the ligand DMBDC was 
estimated to be 23300 cm-1 [81]. Intense photoluminescence owing from both EuIII and 
TbIII was observed upon excitation at 381 nm.  To realize the temperature sensing, the 
intensity ratio between the most intense emission bands of TbIII and EuIII assigned to 
the 5D4 → 7F5 and 5D0 → 7F2 was used as the ratiometric thermographic parameter. It 
was found that the temperature and the intensity ratio are linearly correlated from 50 
to 200 K with an absolute sensitivity of 0.38% K-1. The maximum relative thermal 
sensitivity was found to be 1.5% K-1 at 200 K. By varying the molar ratios of the 
lanthanide salts, the authors have prepared and studied two isostructural mixed-MOFs 
Tb0.9989Eu0.0011-DMBDC and Tb0.9954Eu0.0046-DMBDC which have similar thermal-
dependent luminescence behavior and present the maxima relative sensitivities of 0.61 
and 0.53% K-1, respectively at 200 K. Such results suggest that for isostructural 
coordination polymers, the molar ratios of the ions can be optimized to achieve probe 
with better performance which is quantified by the thermal sensitivity value.  One year 
after, considering that the sensing range could be further expanded by tuning the 
energy transfer between organic linkers and lanthanides, the same group published 
two mixed MOFs represented by Tb0.957Eu0.043-CPDA and Tb0.9Eu0.1-PIA. CPDA and 
PIA are the ligands 5-(4-carboxyphenyl)-2,6-pyridinedicarboxylate and 5-(Pyridin-4-
yl)isophthalate) anions. These ligands are characterized, in comparison with DMBDC, 
by the highest triplet excited state energies of 27,027 and 25,866 cm-1, respectively. 
The good linear relationship between the ITb / IEu ratio and the temperature was within 
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the ranges 40 – 300 K with the thermal sensitivity of 0.37% K-1 and 100 - 300 K with 
the thermal sensitivity of 3.53% K-1 for Tb0.957Eu0.043cpda and Tb0.9Eu0.1PIA, 
respectively. According to Dian Zhao and collaborators, the relative thermal 
sensitivities for Tb0.957Eu0.043cpda and Tb0.9Eu0.1PIA were calculated to be 3.27% K-1 
at 300 K and 16.03% K-1 at 300K [63]. Those interesting results were attributed to the 
fact that the higher triplet and LnIII energy gap restricting the competitive energy-back 
transfer enabling more temperature-sensitive the TbIII to EuIII energy transfer. By 
choosing the 2,4-(2,2′:6′,2′′-terpyridin-4′-yl)-benzenedisulfonic acid (H2DSTP) as the 
first and the oxalic acid (OA) or 1,4-benzene dicarboxylic acid (BDC) as ancillary 
ligands, the MOF represented by [Tb0.98Eu0.02(OA)0.5(DSTP)]·3H2O successfully 
developed  by Wei and collaborators in 2015 [82]. By substituting the coordinated 
solvent molecules, the auxiliary ligand enables better luminescence efficiency and 
higher thermal stability. It was found that the temperature measurement can be linearly 
correlated to the experimental parameter ITb / IEu in the temperature range 77–275 K 
with a sensitivity of 0.5% K-1 and a maximum relative sensitivity of 2.75% K-1. The MOF 
Eu0.7Tb0.3(D-cam)(Himdc)2(H2O)2 (D-H2cam = D-camphoric acid, H3imdc = 4,5-
imidazole dicarboxylic acid) reported by Yun and collaborators was investigated as 
thermal probe in the large temperature range 100 – 450 K and the thermometric 
parameter (ITb / IEu) was linearly related to the temperature in the whole temperature 
range [83]. However, the system offered a very small sensitivity due to the 
simultaneous decrease in the intensities of TbIII and EuIII ions. The maximum value of 
the relative sensitivity was estimated to be only 0.11% K-1 at 450 K. Monge and 
collaborators constructed the ratiometric thermal probes Gd0.98Ln0.02-DSB where Ln = 
EuIII or TbIII and DSB = 3,5-disulfobenzoate). The thermometric parameters were 
defined as the ligand phosphorescence which decreases quickly with temperature 
increasing and TbIII or EuIII emission intensity ratios, which remain almost constant in 
the studied temperature range 70 – 240 K yielding interesting values of relative 
sensitivity [55]. The MOF Tb0.99Eu0.01(DBC)1.5(H2O) obtained from a shape control 
micro-emulsion technique was suspended in water and evaluated in the range of 
physiological temperatures (300 – 320 K) by Rocha and collaborators [84]. By using 
the spray-drying methodology, the same group constructed the thermometer based on 
the ligand 1,4-phenylenediacetic acid and mixing of TbIII and EuIII ions a the 11:1 ratio. 
The authors showed that the nanothermometer operates in the range 10–325 K upon 
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excitation at 370 nm, with a high sensitivity of 6% K-1  and low-temperature uncertainty 
at 25 K [85].  Attempting to construct stable luminescence-based thermometer 
operating in the physiological range, Zhou and collaborators developed a 
straightforward post-synthetic lanthanide functionalization strategy consisting of 
soaking the nano-MOF In(OH)(BPYDC) (BPYDC = 2,2’-bipyridine-5,5’-dicarboxylic 
acid) in DMF solutions containing the chloride salts of TbIII and EuIII in a 0.995:0.005 
ratio. The resulting Tb/Eu-doped MOF was tested as ratiometric thermal probe 
between 10 and 60 °C showing a very good linear relationship of the intensity ratio to 
the temperature characterized by the very high absolute sensitivity of 5.0% °C-1 and 
the maximum relative sensitivity of 2.53% K-1 at 333 K [11]. Taking advantage of the 
pores in the MOF ZJU-88* ≡ [Eu2(QPTCA)(NO3 )2 (DMF)4 ]·(CH3CH2OH)3 (QPTCA = 
1,1′, 4′,1′′,4′′,1′′′-quaterphenyl-3,3′′′,5,5′′′-tetracarboxylate) anion, Cui and collaborators 
proposed a different approach for ratiometric luminescent thermometers [11]. By 
encapsulating the luminescent perylene dye into the pores, they developed a novel 
probe where the thermographic parameter was the intensity ratio of the perylene and 
EuIII emission. It was found a very good linear relationship between the thermographic 
parameters and the temperature in the range 20 - 80 °C with an absolute sensitivity of 
1.3% °C-1 making it an interesting option to realize physiological temperature probing. 
Further studies have demonstrated that apart from energy transfer of the ligand 
QPTCA to the EuIII ion, energy transfer from a perylene excited state to EuIII also occurs 
in the post-synthetic modified compound. More recently, Dian and collaborators 
reported the MOFs Tb0.95Eu0.05-CPNA and Tb0.95Eu0.05-BPYDC where CPNA and 
BPYDC are the dianions of (4-carboxyphenyl)nicotinic acid and [2,2′-bipyridine]-5,5′-
dicarboxylic acid respectively [80]. The maxima relative sensitivities of the two systems 
were evaluated to be 2.55 % K-1  at 131 K and 2.59% K-1 at 179 K for Tb0.95Eu0.05-
CPNA and Tb0.95Eu0.05-BPYDC respectively in the operating range 25 – 200 K. Quian 
and collaborators developed an thermometer Nd0.577Yb0.423-BDCF4  (BDCF4 = 2,3,5,6-
tetrafluoro-1,4-benzenedicarboxylate dianion) which emits in the infrared range. Under 
laser excitation at 808 nm, the system emits both emission bands assigned to the 4F3/2 
→ 4I11/2 NdIII and 2F5/2 → 2F11/2 YbIII transitions centered at around 1060 and 980 nm 
respectively whose ratio shows a linear relationship with temperature in the range of 
293–313 K [86]. 
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2. Objectives and motivation 
. As justified above, the advantages of ratiometric thermo-sensing analysis using 
mixed-trivalent lanthanide ions systems with small full widths at half maximum 
emission bands provide precise temperature-sensing on a material body without 
requiring any standard reference sample of temperature-sensitive luminophores. 
 In this context, this thesis proposed to prepare a series of new lanthanide-
based coordination polymers and evaluate their potential as ratiometric probes for 
applications in luminescence-based thermometry.  
The principal objectives were: 
 Preparation and characterization of the polydentate ligands 1,3,5-tris(2,6-
dicarboxypyridine-4-oxy methyl)benzene (H6TDCPMB) and 1,3,5-tris(4-
carboxyphenoxy methyl)benzene (H3TCPMB).  
 Syntheses and characterization of homonuclear and co-doped lanthanide-
containing coordination polymers from H6TDCPMB and H3TCPMB. 
 Syntheses and characterization of heteroleptic homonuclear and co-doped 
lanthanide-containing coordination polymers from the ligands 1,4-benzene 
dicarboxylic acid (H2BDC) and 9-anthracenecarboxylic acid (HAC).  
 Syntheses and characterization of heteroleptic homonuclear and co-doped 
lanthanide-containing coordination polymers from the ligands and 1,4-benzene 
dicarboxylic acid (H2BDC) / acethylacetone (Hacac). 
 Evaluation of the obtained coordination polymers as ratiometric luminescent 
thermometers in terms of emission intensity ratios. 
The linkers H3TCPMB and H6TDCPMB were chosen due to the strong lanthanide 
coordination offered through oxygen and (also nitrogen for H6TDCPMB) donor atoms, 
and the delocalized aromatic system, which allowed the molecule to absorb energy to 
be transferred to the lanthanide ions. Furthermore, until now, lanthanide coordination 
polymers constructed from them have not been reported. The choose of the 
acetylacetone ligand was based on the fact that It is a very TbIII luminescence 
sensitizer contrary to the EuIII. Thus, in the systems constructed from the mixing 
H2DBC/Hacac, we expected that both ions should show very different profiles of the 
emission versus temperature. Finally, due to its triplet energy state at around 20,000 
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cm-1, the ligand HAC was used in order to obtain opposite effect where the EuIII 
luminescence should be sensitized while the TbIII being quenched at the same time. 
The EuIII and TbIII ions were selected as optically active center due to their attractive 
visible light, narrow emission profiles and the possibility of the used ligands sensitize 
their luminescence simultaneously and the possibility of energy migration from TbIII to 
EuIII due to the good resonance between the 5D1 EuIII and 5D4 TbIII states located at 
19,000 and 20,500 cm-1, respectively. In fact, in some cases the organic ligand may 
effectively sensitize the luminescence of TbIII rather than EuIII due to the superior match 
of the triplet and accepting states making the EuIII luminescence strongly dependent 
of energy transfer owing from the TbIII. According to the effect of the temperature on 
the rate of this process, high-sensitive thermometers can be obtained. The structures 
of the ligands are shown in the appendix A 36.   
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3. Experimental section  
3.1.  Materials and methods 
The two ligands were prepared in one pot synthesis following an adapted 
literature methodology [87]. The 1H and 13C-NMR spectra were obtained using an 
avance spectrometer from Bruker Analytische Messtechnik GmbH. Aqueous solutions 
of lanthanide nitrate salts were prepared by dissolving lanthanide oxide in hot 
concentrated nitric acid. For the terbium oxide (Tb4O7) which contains both ions TbIII 
and TbIV in the 1:1 ratio, total dissolution was obtained by adding drops of 30% 
hydrogen peroxide (H2O2) reducing the TbIV  to TbIII according to the equation: 2𝑇𝑏ூ௏ +
𝐻ଶ𝑂ଶ → 𝑂ଶ + 2𝑇𝑏ூூூ + 2𝐻ା. It is worthwhile to note that the efficiency of H2O2 to reduce 
TbIV is pH dependent. Despite 𝐸்௕಺ೇ/்௕಺಺಺
଴  (3.1 V) [88] being positive and relatively large, 
in a very concentrated acidic solution, more H2O2 will be needed to offset the reaction 
equilibrium. Furthermore, H2O2 may react with H+ generating water.  After elimination 
of the excess of acid by many water addition /evaporation cycles, the LnIII ion 
concentration determination was performed by complexometric titration with disodium 
ethylenediaminetetraacetic acid (EDTA) salt [89] using Xylenol orange (5 w% in KBr) 
as indicator and acetic / acetate (pH ≈ 6) as buffer. All other reagents and solvents 
were purchased and used as received without further purification. Single-crystal X-ray 
diffraction data were collected on a Bruker Apex Duo diffractometer equipped with a 
graphite-monochromatized Mo K radiation ( = 0.71073 Å) at 150 K. All  structures 
were solved and refined by direct methods with full-matrix least-squares refinements 
based on F2 using SHELXS-97and SHELXL-97program packages [90]. All non-
hydrogen atoms were refined anisotropically and hydrogen atoms were placed in 
geometrically calculated positions. The R1 and wR2 values are defined as 𝑅ଵ =
 ∑(ห|𝐹଴| − |𝐹௖|ห/ ∑|𝐹଴|) and 𝑤𝑅ଶ =  {∑[𝑤(𝐹଴ଶ − 𝐹௖ଶ)ଶ]/ ∑[𝑤(𝐹଴ଶ)ଶ]}ଶ, respectively. CCDC 
1875767 (TbL), CCDC 1875768 (EuL) and CCDC 1875769 (GdL) contain the 
crystallographic data in CIF format. Powder X-ray diffraction measurements were 
performed on a Bruker D8 ADVANCE X-ray powder diffractometer using a Cu-Kα 
radiation (1.5418 Å) beam at room temperature with 2ranging from 5° to 50 °. 
Thermogravimetric analysis was conducted under synthetic air on a Universal V2.6 
DTA system by heating up from 30 to 900 °C with a heating rate of 10 °Cmin-1. FT-IR 
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spectra were recorded on an Agilent FTIR spectrometer (model CARY 630) in ATR 
mode using a diamond crystal in the range of 4000–400 cm−1. Elemental analyses (C, 
H, N) were determined using an elemental analyzer Perkin Elmer (model CHN 2400). 
The absorbance in solution was measured in CH3CN or H2O using a Cary 50 UV-vis 
spectrophotometer from Agilent. The diffuse reflectance spectra (DRS) of the free 
ligand and the as-synthesized compounds were recorded on a Shimadzu, UV-2450 
spectrophotometer using BaSO4 as the standard. The spectra are presented in the 
absorption mode.  The photoluminescence data were obtained on a Fluorolog-3 
spectrofluorometer (Horiba FL3-22-iHR320), with double-gratings (1200 g mm-1, 330 
nm blaze) in the excitation monochromator and double-gratings (1200 g mm-1, 500 nm 
blaze) in the emission monochromator using an ozone-free xenon lamp of 450 W 
(Ushio) radiation source. All of them were corrected according to the optical system of 
the emission monochromator and the photomultiplier response (Hamamatsu R928P). 
Time-resolved phosphorescence emission spectra of the analogous gadolinium(III) 
complex were obtained at ∼77 K using a time-correlated single-photon counting 
(TCSPC) system with successive delay increments, in order to get only emission bands 
from triplet levels of the ligand. The emission decay curves were obtained with a flash 
150 W xenon lamp using a time-correlated single photon counting (TCSPC) system. 
The temperature-dependence emission spectra and lifetime measurements were 
achieved by holding the samples in a cryostat (Janis Research Company VNF-100), a 
F-3004 Peltier Sample Cooler, a Linkam THMS600 / HFS600 temperature controller 
operating in the temperature ranges of 77-320 K, 273 – 373 K and 77 – 873 K, 
respectively using as excitation sources the ozone-free xenon lamp of 450 W, the flash 
150 W xenon lamp and a 488 nm sapphire laser, Model: SAPPHIRE 488-75 SF CDRH 
from COHERENT. Temperature-dependent photoluminescence behaviors were 
measured with steps of 10 or 20 K after equilibrium of ca. 10 min.  
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3.2.  Synthesis of 1,3,5-tris(4-carboxyphenoxymethyl)benzene (H3TCPMB) 
A stirred mixture of 1,3,5-tris(bromomethyl)benzene (1.5 
g; 4.2 mmol), ethyl 4-hydroxybenzoate (2.1 g, 12.6 
mmol), sodium carbonate (2 g, 18.9 mmol) in 
dimethylformamide (DMF) (20 mL) contained in a 1-neck 
round-bottom flask was heated at 80 °C for 72 h.  After 
cooling to room temperature, the solvent was removed at 
60 °C by vacuum-assisted rotary evaporation to obtain a white powder that was 
subsequently dissolved in acetone (20 mL). This acetone solution was combined to 
NaOH (1.0 g) dissolved in water (20 mL) and the stirred mixture heated 80 °C for 24 
h. After cooling to room temperature, the acetone was eliminated, and the solution 
acidified (pH ~1) by addition of concentrated hydrochloric acid resulting in a gelatinous 
precipitate which was collected by vacuum filtration and washed several times with 
water. After drying off, 1.85 g (yield = 83%) the protonated ligand was isolated as a 
colorless solid. 1H-NMR (400 MHz, DMSO): ppm = 5.23 (s, 6 H, CH2), 7.13 (d, JHH 
= 8.9 Hz, 6 H, Ar-H), 7.55 (s, 3 H, Ar-H), 7.90 (d, JHH = 8.9 Hz, 6 H, Ar-H), 12.66 (s, 3 
H, COOH). Elemental analysis (%) - found (calculated) for C30H24O9 C = 68.10 (68.18); 
H = 4.60 (4.58).  
3.3.  Synthesis of the 4-hydroxy-2,6-dimethoxycarbonylpyridine 
To a stirred suspension of 1,4-Dihydro-4-oxo-2,6-pyridine-
dicarboxylic acid hydrate (3.0 g, 16.4 mmol (anhydrous basis)) 
in 20 mL of methanol at room temperature, were added chloride 
thionyl (2.8 mL) dropwise following a reported procedure [91]. 
After stirring the reaction mixture for 24 h, the methanol was 
removed by evaporation resulting in a white precipitate, which was dried at 50 °C under 
reduced pressure. 1H-NMR (500 MHz, DMSO): ppm = 3.88 (s, 6 H, CH3), 7.60 (s, 2 
H, Ar-H). 
56 
 
 
 
3.4.  Synthesis of 1,3,5-tris(2,6-dicarboxypyridine-4-oxy methyl)benzene 
(H6TDCPMB) 
The synthesis of the ligand H6TDCPMB was carried out 
similarly to the synthesis of the ligand H3TCPMB using 
1.00 g of the 4-hydroxy-2,6-dimethoxycarbonylpyridine. 
The ester 1,3,5-tris(2,6-dimethoxycarbonyl-pyridine-4-
oxy methyl)benzene was hydrolyzed using only the 
NaOH solution without acetone. The dried sample 
weighed 2.30 g corresponding to a yield of  73 % for the reaction.1H-NMR of the 
corresponding sodium salt (400 MHz, D2O:0,75% TSP): ppm = 5.34 (s, 6 H, CH2), 
5.63 (s, 6 H, Ar-H), 7.71 (s, 3 H, Ar-H). Elemental analysis (%) - found (calculated) for 
C30H21N3O15 C = 54.31 (54.31); H = 3.66 (3.19); N = 5.85 (6.33). To obtain its sodium 
salt, the H6TDCPMB was suspended in water and treating with an aqueous solution of 
NaOH 6 mol L-1 stirring magnetically at room temperature for 6 h. The product was 
precipitated using ethanol, isolated by vacuum filtration washed several times with 
ethanol and dried at 50 °C under reduced pressure for 12 h approbatively. 
Thermogravimetric analysis suggests the molar ratio of 1:3.8 between Na6TDCPMB 
and hydration molecules.     
3.5.  Synthesis of the coordination polymers based on the ligand 
H3TCPMB  
The four CPs build from H3TCPMB, named as Ln-TCPMB (Ln = EuIII, Ln = GdIII, 
Ln = TbIII) and Tb0.95Eu0.05-TCPMB, were obtained following a modified solvothermal 
method described in the literature [92]. (60.00 mg, 0.14 mmol) of H3TCPMB were 
dissolved in 10 mL of DMF in a 40 mL Teflon-lined stainless-steel vessel. Then 100 µL 
of concentrated HCl were added following by 0.14 mol of Ln(NO3)3 dissolved in ca. 2 
mL of deionized water. The reaction mixture was sealed in a stainless-steel autoclave 
and heated at 120 °C for 72 hours under autogenous pressure and then cooled to 30 
°C spontaneously keeping the oven closed.  Accordingly, the synthesis of TbIII /EuIII 
mixed CP represented by the formula Tb0.95Eu0.05-TCPMB follows exactly the same 
route using an aqueous solution containing 0.133 mmol of Tb(NO3)3 and 7 µmol of 
Eu(NO3)3. The resulting yellow crystals were isolated by microcentrifugation washed 
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with DMF and water and dried at 50 °C under reduced pressure during 12 h 
approximatively yielding ca. 50 % based on the lanthanide ions. The compounds were 
characterized by X-ray crystallography, elemental and thermogravimetric analyses, 
FT-IR, DRS, and photoluminescence spectroscopy.                          
Eu-TCPMB ≡ {[Eu2(L)2(DMF)2(H2O)2].DMF}n. Yield 54 %. Elemental analysis (%) - 
found (calculated) for Eu2C69H67N3O23 (MW = 1610.22 g.mol-1), C = 51.10 (51.47); H = 
4.23 (4.19); N = 2.65 (2.61). Gd-TCPMB ≡ {[Gd2(L)2(DMF)2(H2O)2].DMF}n. Yield 55 %. 
Elemental analysis (%)- found (calculated) for Gd2C69H67N3O23 (MW = 1620,79g.mol-1), 
C = 51.10 (51.13); H = 4.27 (4.17); N = 2.61 (2.59). Tb-TCPMB ≡ 
{[Tb2(L)2(DMF)2(H2O)2].DMF}n. Yield 49 %. Elemental analysis (%)- found (calculated) 
for Tb2C69H67N3O23 (MW = 1624,14 g.mol-1), C = 50.89 (51.03); H = 4.20 (4.16); N = 
2.62 (2.59). 
3.6. Synthesis of the coordination polymers based on the ligand 
H6TDCPMB 
3.6.1. Syntheses of Ln-TDCPMB (Ln = EuIII, GdIII, TbIII)  
70 mg (0.081 mmol) of Na6TDCPMB were dissolved in 20 mL of deionized water 
and heated at 60 °C. The aqueous solution containing 0.162 mmol of the lanthanide 
nitrate salt (Ln(NO3)3) was added dropwise resulting in the formation of a white 
suspension which was magnetically stirred for 3 h at 60 °C.  The precipitate was 
isolated by vacuum filtration, washed several times with deionized water and dried at 
50 °C for 12 h approximatively.  
3.6.2. Syntheses of the mixed Ln-TDCPMB (Ln = EuIII, GdIII, TbIII)  
The synthesis of the binary and trinary compounds of the general formulas 
Gd1.9Ln0.1-TDCPMB and (Ln = EuIII, TbIII) and GdxTb0.4Eu1.6-x-TDCPMB  followed the 
same route only for the use of a mixture of the salts of interest as starting materials 
varying their molar ratios.  In all cases, the compounds were isolated in amorphous 
phase yielding around 90% based on the ligand. The characterization was carried out 
by TG-DTA analysis, P-XRD, FT-IR, DRS, and photoluminescence spectroscopy. 
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3.6.3.  Synthesis of the compounds represented by Ln-AC (Ln = TbIII, EuIII)   
The compounds Ln-AC were prepared by direct precipitation, at room 
temperature, from lanthanide nitrate salt ((Ln(NO3)3) in aqueous solution and 
anthracene-9-carboxylic acid (HAC) using deionized water as solvent. 100,0 mg 
(0.45 mmol) of HAC were suspended in 20 mL of water following by an addition of 0.45 
mmol of NaOH. After complete dissolution, 0.45 mmol of Ln(NO3)3 was added to the 
organic linker solution under continuous stirring forming a yellow precipitate within a 
few minutes. The suspension remained under stirring at room temperature for 24 h to 
complete precipitation has been performed. The precipitate was then filtered, 
centrifuge-washed repeatedly with water and dried overnight at 80 °C under 
atmospheric pressure, yielding ca. 98 % of the anhydrous compounds Ln-AC. The 
characterization was carried out by TG-DTA analysis, P-XRD, FT-IR, DRS, and 
photoluminescence spectroscopy. 
3.6.4.  Synthesis of the compounds represented by Ln-BDC (Ln = TbIII, EuIII) 
The syntheses of the compounds Ln-BDC followed the same route of the Ln-
AC syntheses only changing HAC by H2BDC. The 100.0 g (0.60 mmol) of H2BDC was 
deprotonated by using 1.20 mmol of NaOH following by addition of 0.40 mmol of 
Ln(NO3)3. The yields were 106 % and 108 % for Eu-BDC and Tb-BDC respectively. 
The characterization was carried out by TG-DTA analysis, P-XRD, FT-IR, DRS, and 
photoluminescence spectroscopy. 
3.6.5.  Synthesis of the compounds represented by Ln-BDC-AC (Ln = TbIII, EuIII) 
and containing the mixed of lanthanide ions 
The syntheses of the compounds with the mixing ligands follow a similar using 
the mixture of HAC and H2BDC in a 2:1 ratio, in other words, 50 % of the carboxylate 
ions derive from each ligand.  
 
3.6.6. Synthesis of the compounds represented by TbxEu1-xacacxBDC1.5-x/2  
 The compounds obtaining from Hacac and H2BDC were designed so they can 
be represented by the general formula TbxEu1-xacacxBDC1.5-x/2 where x = 0.99, 0.95, 
0.93, 0.85, 0.75. in each synthesis, the sum of both Eu(NO3)3 and Tb(NO3)3 was 0.5 
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mmol. To an aqueous solution of the Tb(NO3)3 in 20 mL under magnetic stirring at 60 
°C was added dropwise 10 mL of ethanolic solution the Naacac. After 1 h, the aqueous 
solution of the Eu(NO3)3 was added following by dripping the aqueous solution of 
Na2BDC maintaining the stirring for 4 h. The resulting white precipitate was isolated by 
vacuum filtration, washed several times with water and dried for 12 h approximatively. 
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4. Results and discussion  
4.1.  Characterization of the synthesized ligands 1,3,5-tris(4-
carboxyphenoxy methyl)benzene (H3TCPMB) and 1,3,5-tris(2,6-
dicarboxypyridine-4-oxy methyl)benzene   (H6TDCPMB). 
4.1.1. Synthesis and structural description of the ligand H3TCPMB 
The ligand 1,3,5-tris(4-carboxyphenoxymethyl)benzene (H3TCPMB) was 
prepared using a one-pot synthesis based on a modified procedure [87] according to 
the scheme S1. 
 
Scheme S1: Preparation scheme of the ligand 1,3,5-tris(4-carboxyphenoxy methyl)benzene 
(H3TCPMB).  
 
Firstly, the 1,3,5-tris(4-ethoxycarbonylphenoxymethyl)benzene (III) was 
obtained by reaction of 1,3,5- tris(bromomethyl)benzene (II) with the 4-
hydroxy(ethoxycarbonylbenzene) (I) (both commercially acquired) in the presence of 
sodium carbonate DMF for 72 hours.  After the reaction time, the solvent was removed, 
and the white crude precipitate was dissolved in the mixture of acetone and an 
aqueous solution of NaOH to obtain the ligand as its sodium salt (IV) after 24 hours. It 
is noteworthy mentioning that the use of the mixture of solvents was important to 
guarantee that the reaction was carried out in the liquid state, once the ester (III) is not 
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water-soluble. After the elimination of the acetone, concentrated chloride acid was 
added to precipitate the acid (V), which was isolated, washed and dried to yield 83 % 
of the expected mass. The synthesis of the intermediary product triethyl 1,3,5-tris(4-
ethoxycarbonylphenoxy-methyl)benzene was confirmed by 1H-NMR spectroscopy. Its 
1H-NMR spectrum is shown in the appendix A 5. The peaks assignment was carried 
out basing on the 1H-NMR of the precursors  1,3,5- tris(bromomethyl)benzene and 4-
hydroxy(ethoxycarbonyl-benzene) shown in the appendices A 1 and A 3, respectively. 
The peak assigned to protons of the methylene groups appears at 4.7 ppm and at 5.2 
ppm for the 1,3,5- tris(bromomethyl)benzene and 1,3,5-tris(4-ethoxycarbonylphenoxy-
methyl) benzene due the higher electronegativity of the oxygen element regarding the 
bromine. NMR signal of the proton in ortho position considering the hydroxyl group 
shifts from 6.8 (appendix A 1) ppm to 7.1 ppm (appendix A 5) due the acidity of the 
phenolic hydrogen.    
Single crystals were obtained on slow vapor diffusion into a diluted solution of 
the ligand H3TCPMB in DMF. As reported by Sebastian et. al. [87], It crystallizes in the 
triclinic space P1ത with an asymmetric unit consisting of one molecule (Fig. 9). Its 
molecular geometry differs completely from the trigonal one. Two of the molecular 
branches are arranged in a pincer-like fashion stabilized by an intra-molecular π-π 
interaction between two aromatic rings that are 4.013 Å apart.  The third molecular arm 
is oriented in the opposite direction conferring an elongated conformation of the 
molecule in the crystal. Each ligand molecule was found to be associated with two 
neighboring ligand molecules via O····H hydrogen bonding between the pincer-like 
branches (O····H = 1.742 Å and 1.868 Å) and between the branches in opposite 
direction (O····H = 1.823 Å) resulting in infinite 1D chains. Such chains are packed to 
form the three-dimensional network which is appeared to be stabilized by van der 
Waals interactions (Fig. 10). Crystallographic data, experimental parameters and 
selected details of the refinements are summarized in Table 1. 
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Fig. 9: Matt illustration of the molecular structure of the ligand 1,3,5-tris(4-carboxyphenoxy 
methyl)benzene (H3TCPMB).  The dark dots and the dotted line between aromatic rings represent the 
centroids and distance between them, respectively. 
 
Fig. 10: Hydrogen bonded self-assembly of the ligand 1,3,5-tris(4-carboxyphenoxy methyl)benzene 
(H3TCPMB) in its single-crystal structure. 
 
4.1.2. Synthesis of the ligand H6TDCPMB 
The ligand 1,3,5-tris(2,6-dicarboxypyridine-4-oxy methyl)benzene (H6TDCPMB) 
was synthesized in two steps schematized in the schemes S2 and S3, respectively. 
Firstly, the carboxylic groups of the 2,6-dicarboxypyridine-4-(1H)-one H2DCP (VI) 
(commercially known as hydrate chelidamic acid) were protected from a methylation 
reaction in anhydrous methanol intermediated by chloride thionyl  (SOCl2) to obtain the 
4-hydroxy-2,6-dimethoxycarbonylpyridine (VII) as schematized in the scheme S2. The 
success of the reaction was confirmed using the NMR spectroscopy. The appendix A 
12 exhibits the 1H-NMR spectrum of the product with two signals at 3.88 ppm and at 
7.60 ppm assigned to the protons of the methyl groups and belonging to the ring 
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respectively. The O-H proton appears as a broad signal between 10.2 and 12.8 ppm, 
thus indicating the occurrence of proton exchange in the solution.     
 
Scheme S 2: Methylation reaction of 2,6-dicarboxypyridine-4-(1H)-one (H2DCP) 
 
In the second step, the dimethyl 4-hydroxypyridine-2,6-dicarboxylate was 
coupled do the tris(bromomethyl)benzene to obtain the 1,3,5-tris(2,6-
dimethoxycarbonyl-pyridine-4-oxy methyl)benzene (VIII) in the scheme S3 which was 
subsequently hydrolyzed by reacting with NaOH. The targeted acid (IX) was 
precipitated by addition of an aqueous solution of hydrochloric acid. The obtention of 
VIII was also confirmed using the 1H-NMR spectroscopy. The peaks exhibited in its 1H-
NMR spectrum are relatively broad due to the low solubility in DMSO.  
 
Scheme S 3: Preparation of the ligand 1,3,5-tris(2,6-dicarboxypyridine-4-oxy methyl)benzene    
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4.2. Nuclear Magnetic Resonance (NMR) spectroscopy 
The 1H-NMR spectrum of the target Ligand H3TCPMB is shown in Fig. 11 and 
the experimental conditions are presented in the appendix A 7. The peak chemical 
shifts were obtained relative to the peak position at 2.50 ppm of the residual solvent 
resonance signal. As can be seen in the figure, the spectrum shows that the ligand 
H3TCPMB was obtained in high purity degree exhibiting only resonance signals 
assigned to the residual solvents at 2.50 ppm (DMSO) and at 3.34 (H2O) and the five 
proton groups chemically nonequivalent of the ligand, thus, corroborating the results 
obtained in the elemental analysis. The singlet peak at 5.22 ppm integrated to six was 
assigned to the methylene protons (4). The two doublets at 7.09 -7.12 ppm and at 7.88 
– 7.92 ppm, each one integrated to six can be assigned to the protons (3) and (2), 
respectively. The singlet at 7.54 ppm assigned to the protons (5) of the central ring is 
integrated into three. As expected, the resonance signal attributed to the protons of the 
carboxylic groups appears in the lower field region at 12.60 ppm due to the fact that 
the chemical environment removes electron density around them. 
 
Fig. 11: The 400-MHz 1H-nuclear magnetic resonance spectrum of H3TCPMB in DMSO-d6. Inset: 
magnification of the range 6.91-7.99 ppm and chemical structure of the ligand H3TCPMB. see spectrum 
conditions in the appendix A 7. 
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To overcome the problem relative to its insolubility in the common solvents, the  
1H-NMR spectroscopy study of the ligand H6TDCPMB was carried out using the 
equivalent sodium salt (Na6TDCPMB) prepared by treating an aqueous suspension of 
the protonated ligand with an aqueous solution of sodium hydroxide (~1 mol L-1). As 
expected, the 1H-NMR spectrum exhibits as singlets the three resonance signals 
assigned to the three magnetically equivalent proton groups of TDCPMB6- and two 
extra singlets at 0 ppm and at 4.8 ppm assigned to the internal reference (3-
(trimethylsilyl)-2,2,3,3-tetradeuteropropionic acid (TMSP-d4) and the residual water, 
respectively. The resonance signals were assigned as shown in Fig. 12. Due to the 
lone interaction after deprotonation, the protons belonging to the central ring and in 
ortho position with respect to the carboxylate group show a variation in the relative 
chemical shifts compared to 1,3,5-tris(2,6-dimethoxycarbonyl-pyridine-4-oxy 
methyl)benzene (appendix A 16). 
 
 
Fig. 12: The 400-MHz 1H-nuclear magnetic resonance spectrum of Na6TDCPMB in H2O-d2 containing 
(3-(trimethylsilyl)-2,2,3,3-tetradeuteropropionic acid (TMPS)-d4 as standard reference. Inset: chemical 
structure of the salt Na6TDCPMB. see spectrum conditions in the appendix A 18. 
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The 1H-NMR result is validated by the 13C-NMR spectrum which exhibits seven 
resonance signals at 72.8 ppm, 114.5 ppm, 130.6 ppm, 139.7 ppm, 157.7 ppm, 169.3 
ppm, 175,5 ppm assigned the seven types of magnetically distinct carbons as 
expected by symmetry. The eighth at 188.6 ppm may be attributed to the carbon of 
carboxylic group evidencing thus, a COO-1/COOH equilibrium in the aqueous solution.  
 
 
Fig. 13: The 400-MHz 13C-nuclear magnetic resonance spectrum of Na6TDCPMB in H2O-d2 containing 
(3-(trimethylsilyl)-2,2,3,3-tetradeuteropropionic acid (TMPS)-d4 as standard reference. Inset: chemical 
structure of the salt Na6TDCPMB. see spectrum conditions in the appendix A 19. 
 
4.2.1. Fourier-transform infrared spectroscopy 
The vibrational spectra in the mid-infrared region of both free ligands are shown 
in Fig. 14. They exhibit the carboxylic acid O–H stretch as broad band, superimposed 
on the sharp =C–H stretching in the aromatic rings and the antisymmetric and 
symmetric stretching bands of the -CH2 groups extending from 2500 cm-1 to 3400 cm-1 
[93]. The reason that the O–H stretch band of carboxylic acids is so broad is that 
carboxylic acids usually exist as hydrogen-bonded dimers as seen in the single-crystal 
structure of H3TCPMB [94]. The carbonyl stretch C=O of the carboxylic acid groups 
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appears as an intense band centered at 1672 cm-1 for H6TCPMB and at 1734 cm-1 for 
H3TCDPMB [95]. Based on the molecular structures of the two ligands, one expects 
that the C=O stretch band of H6TCDPMB, due to the presence of the N atoms, should 
appear in higher energy comparing to H3TCPMB. The unexpected result indicates that 
H6TDCPMB shows less intermolecular hydrogen bonding than H3TCPMB. Both 
spectra show the carbon-carbon stretching vibrations in the aromatic rings bands 
centered at ca. 1600 cm-1 and 1510 cm-1 [96]. The region 1450 - 1000 cm-1 exhibits 
many absorption bands due to C–H in-plane bending, C–O stretching, -CH2 rocking 
and wagging vibrations [93].   
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Fig. 14: Solid-state vibrational spectra in the infrared region of H3TCPMB and H6TDCPMB collected in 
the attenuated total reflection (ATR) mode.  
  
4.2.2. Ultraviolet-visible spectroscopy and thermal stability 
The light absorption spectra between 200 nm and 500 nm of H3TCPMB 
dissolved in acetonitrile and of Na6TDCPMB dissolved in water, were measured at 
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room temperature (~25 °C). The spectra of 4-hydroxybenzoic acid and 1,3,5-
tris(bromo-methyl)benzene were also collected by comparison effect. As shown in Fig. 
15a, 1,3,5-tris(bromomethyl)benzene spectrum exhibits an unique band with an 
absorption maximum at 216 nm which can be attributed to (π* ← π) electronic 
transitions in the aromatic rings.  4-hydroxybenzoic acid, H3TCPMB and H6TDCPMB 
display two absorption bands in the ultra-violet region with a bathochromic shift in the 
case of Na6TDCPM as result of an important solvent effect. The first band, more 
intense, is attributed to (π* ← π) electronic transitions in the aromatic rings. The blue-
shift regarding the (π* ← π) band in 1,3,5-tris(bromomethyl)benzene suggests an 
effective actuation of the heavy atom effect due to the Bromine [97].  The second one 
may be attributed to electronic transitions from nonbonding orbital of the oxygen atom 
to antibonding orbital in the C=O group.  
 The thermal stability was investigated through thermogravimetric studies (TG 
and DTA). The thermogravimetric curves (Fig. 15b) show that both ligands are 
thermally stable up to 200 °C (Tonset)*** where starts the degradation process until 600 
°C (Tenset)††† remaining in a residue amount of 0.3 %. The slight weight loss at the 
beginning of the thermogram may be ascribed to some water molecules solvating the 
carboxylic group. The DTA of H3TCPMB and H6TDCPMB (appendix A 20) show one 
and two Tpeaks‡‡‡  indicating the degradation of the benzenic and pyridinic ring 
respectively. The thermogram of the salt Na6TDCPMB is also shown in appendix A 20. 
The weight loss of 8% observed in the temperature range of 30 – 150 °C may be 
assigned to the water of hydration (4 molecules per Na6TDCPMB). Based on the 
agreement of the experimental residue (35%) and the expected (36.8%), it was 
possible to conclude that the decomposition of the salt results in sodium carbonate 
(Na2CO3). The endothermal event at 750 °C and the slight weight loss at around the 
same temperature may be assigned to the fusion of the Sodium carbonate and the 
beginning of its decomposition in sodium oxide (Na2O) and carbon dioxide (CO2) thus, 
corroborating the fact that the expected value for the residue be slightly higher than 
found. 
 
 
*** Temperature at which the degradation begins [135]. 
††† Temperature at which the degradation ends 
‡‡‡ Temperature at which the degradation rate reaches a maximum value 
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Fig. 15: Recorded absorption spectra, at room temperature of 4-hydroxybenzoic acid, H3TDCPMB and 
1,3,5-tris(bromomethyl)benzene as acetonitrile solutions, and Na6TDCPMB as aqueous solution (a). 
Thermogravimetric curves (TG) of the protonated ligand H3TCPMB and H6TDCPMB (b). 
 
70 
 
 
 
4.3.  Syntheses and characterization of the compounds based on 
H3TCPMB 
4.3.1. Syntheses and structural description  
Solvothermal conditions have been proven to be a useful methodology to obtain 
crystalline coordination networks. As the ligand is soluble in DMF, the hydrochloric acid 
was used to reduce the coordination rates, and consequently, potentialize the growth 
of high-quality single crystals [98]. As the acid slows down the deprotonation of the 
carboxylic group and, consequently, the binding of the linkers to the metal centers, it 
promotes the growth of larger crystals and preventing the formation of amorphous and 
polycrystalline phases, which may be formed if the reaction is allowed to proceed with 
no acid added [99]. X-ray single-crystal structure analyses reveal that the four 
synthesized compounds Eu-TCPMB, Gd-TCPMB, Tb-TCPMB, and Tb0.95Eu0.05-
TCPMB are isostructural as confirmed by the crystal data in Table 3 and the simulated 
powder X-ray diffraction pattern (Fig. 19a). They crystallize in the triclinic space group 
crystal system P1ത and feature an extended isolated 1D structure. Thus, the 
representative structure description and discussion will be restricted to the europium 
compound Eu-TCPMB. As can be seen in Fig. 16a,  the asymmetric unit of Eu-TCPMB 
contains one EuIII ion, one TCPMB3- tri-anion, one DMF molecule and one water 
molecule  coordinated to the metal center and one lattice DMF molecule. Each  
europium ion is eight-coordinated and binds two oxygen atoms from one DMF and one 
H2O molecule (average bond length of 2.415 and 3.093 Ǻ, respectively) and 
carboxylate oxygen atoms belonging to three different TCPMB3- trianions that 
coordinate to the metal ion in the bridging and the chelating bis-dentate modes 
(average Eu-O bond length of 2.292 and 2.461 Ǻ, respectively). The coordination 
geometry of the EuIII  ion (Fig. 16b) can be viewed as a distorted square antiprism, 
basal planes made by O4, O5, O6, O10, and O7, O8, O9 O11  atoms, respectively 
leading to a distorted D4d coordination sphere around the metal center. Each ligand 
TCPMB3- binds to three metal ions through two chelating and one bidentate 
carboxylate groups (Fig. 17a).  Two non-centrosymmetric Eu atoms bridged trough the 
same carboxylate group to generate a binuclear Eu2(µ2-COO)2) unit where the distance 
between the metal ions is 4.816 Ǻ (Fig. 17b) and Table 2. The binuclear units are linked 
along the b axis in the infinite 1D chains (Fig. 16d), which are further packed in a 3D 
71 
 
 
 
network (Fig. 18). Each binuclear unit is surrounded by four TCPMB3- ligands (Fig. 
17b) and each ligand connects two binuclear units. The 1D chain of Eu-TCPMB is 
defined as a 2,4-connected network. The asymmetric units, first coordination spheres, 
and binuclear units for the four compounds Eu-TCPMB, TB-TCPMB, Gd-TCPMB, and 
Tb0.95Eu0.005-TCPMB are shown in the appendix (A 22, A 23, A 24) by comparison 
effect. As can be conferred in Table 2, the Ln‒O bond lengths and Ln···Ln internuclear 
distances in the binuclear units decreases slightly from the Eu-TCPMB to Tb-TCPMB. 
Such fact can be ascribed to the lanthanide contraction effect [100]. It is worth 
mentioning that the free DMF molecule shows an identical special position and 
orientation in the asymmetric units of Tb-TCPMB and Tb0.95Eu0.05-TCPMB and different 
for Eu-TCPMB and Gd-TCPMB suggesting a dependence with the nature of the central 
ion.  
 
Fig. 16: (a) Matt drawing of the asymmetric unit of Eu-TCPMB. (b) The coordination geometries of EuIII 
ions in Eu-TCPMB resulting in a C1 symmetry site for the central ion. (c) The connection mode of EuIII 
ions in a binuclear unit. (d) View of the 1D chain as the infinite secondary building units (SBUs) along 
the crystallographic b-axis obtained from binuclear units linked through carboxylate group. H atoms and 
free solvent molecules were omitted for clarity.  
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Fig. 17: (a) Each TCPMB3- ligand connects three binuclear Eu2(μ2-COO)2] units in Eu-TCPMB. (b) 
Number of TCPMB3- ligands around the binuclear unit Eu2(µ2-COO)2. H atoms were omitted for clarity. 
Table 2: Average lengths of the bonds between trivalent metal ions Ln and the coordinated oxygen 
atoms and the Ln···Ln internuclear distances (Å) in the binuclear units of Eu-TCPMB, Gd-TCPMB, 
Tb-TCPMB, Tb0.95Eu0.05-TCPMBa. 
 Eu-TCPMB Gd-TCPMB Tb-TCPMB Tb0.95Eu0.05-TCPMB 
Ln‒OW 2.415 2.401 2.385 2.387 
Ln‒OD 2.415 2.401 2.383 2.375 
Ln‒OC(br) 2.330 2.313 2.302 2.300 
Ln‒OC(bi) 2.455 2.445 2.432 2.433 
Ln···Ln 4.816 4.808 4.785 4.776 
a Ow, OD, OC(br), OC(bi):  oxygen atoms of the water molecule, DMF molecule, carboxylate group in bridging 
and bidentate coordination mode respectively. 
 
Fig. 18: View of the 3D supramolecular structure of the coordination network Eu-TCPMB along the 
crystallographic b-axis. 
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Table 3: Crystal data of the free ligand (H3TCPMB) and the lanthanides-based coordination polymers 
compound H3TCPMB Tb-TCPMB Gd-TCPMB Eu-TCPMB Tb0.95Eu0.05-TCPMB 
Emp. Form. C30H24O9 Tb2C69H67N3O23 Gd2C69H67N3O23 Eu2C69H67N3O23 Ln2C67H63N3O23 
MW 528.49 1624.09 1620,79 1610.17 1589.32 
T/K 150 150 150 150 150 
Ǻ Cu K Mo K Mo K Mo K Mo K 
Crystal Syst. Triclinic Triclinic Triclinic  Triclinic Triclinic 
Space group P1ത P1ത P1ത P1ത P1ത 
a/ Å 6.3171(5) 8.5108 (5)  8.5212 (12) 8.5361 (6) 8.5183(16) 
b/ Å 10.6482(7) 14.2208 (9)  14.186 (2) 14.2116(10) 14.248(3) 
c/ Å 18.1883 (1) 14.3990 (9)  14.434 (2) 14.4375(10) 14.380(3) 
 86.360 (3) 98.265 (2)  98.010 (3) 98.093 (1) 98.401(8) 
 88.548 (3) 106.718 (1)  106.609 (3) 106.628 (1) 106.971(8) 
 79.326 (3) 96.164 (1)  96.382 (4) 96.329 (1) 96.266(8) 
V/ Å3 1199.74 (15) 1631.26 (17)  1634.6 (4) 1640.4 (2) 1630.0(5) 
Z 2 1 1 1 1 
Z’ 1 0.5 0.5 0.5 0.5 
D/Mgm-3 1.463 1.653 1.646 1.630 1.619 
µ/mm−1 0.91 2.23 2.10 1.98 2.23 
F(000) 552 816 814 812 796 
range/° 4.2-68.8 2.7–28.2 2.5–28.2 2.7–30.4 2.3–27.6  
a R1/% 3.19 3.08 2.98 1.70 3.38 
b wR2/% 8.60 7.08 6.70 4.61 8.51 
Rint/% 1.51 2.95 5.17 1.51 7.27 
GooF 1.050 1.054 1.035 1.084 1.030 
a 𝑅ଵ =  ∑(ห|𝐹଴| − |𝐹௖|ห/ ∑|𝐹଴|)    b 𝑤𝑅ଶ =  {∑[𝑤(𝐹଴ଶ − 𝐹௖ଶ)ଶ]/ ∑[𝑤(𝐹଴ଶ)ଶ]}ଶ 
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4.3.2. Powder X-ray Diffraction and FT-IR spectroscopy  
In order to check the phase purity of the crystalline compounds, the X-ray 
powder diffraction (P-XRD) patterns were recorded at room temperature and 
compared to the simulated ones [101]. As shown in Fig. 19b, the peak positions in the 
simulated diffractogram of Eu-TCPMB and the experimental P-XRD patterns of the as-
synthesized compounds are in agreement with each other indicating the high phase 
purity of the four structures. The diffractograms of La-TCPMB and La0.95Eu0.05-TCPMB 
(Fig. 20a) show a profile completely different and suggest the formation of a cubic 
structure. The slight peak shifting towards a higher angle in the diffractogram of 
La0.95Eu0.05-TCPMB may be interpreted as a decrease in the lattice parameter due to 
the presence of the EuIII ions.  Both other compounds (Eu-TCPMB-phen and Eu-
TCPMB-tppo ) synthesized with the intention to substitute the solvent molecules by the 
ligand phenanthroline (phen) or triphenylphosphine oxide (tppo) were obtained as 
amorphous powders as confirmed by their P-DRX patterns (appendix A 25). 
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Fig. 19: (a) Simulated P-XRD patterns from the CIF files of the compounds obtained from the ligand 
H3TCPMB. (b) Experimental P-XRD patterns of the compounds Eu-TCPMB, Gd-TCPMB, Tb-TCPMB 
and Tb0.95Eu0.05-TCPMB and simulated P-XRD pattern of Eu-TCPMB. 
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Fig. 20: (a) Experimental P-XRD patterns of the compounds La-TCPMB and La0.95Eu0.05-TCPMB. (b) 
FT-IR spectra of free ligand H3TCPMB and the as-synthesized compounds Eu-TCPMBL, Tb-TCPMB, 
Gd-TCPMB, Tb0.95Eu0.05-TCPMB, and La-TCPMB. 
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The Fourier transform infrared (FT-IR) spectroscopy is commonly used for 
structural characterization of hybrid materials because it can provide information about 
changes in bonds containing in coordinating chemical functional groups and they may 
suggest the nature of the coordination modes. The infrared spectra of all compounds 
were collected between 4000 and 400 cm-1 (Fig. 20b). The spectra of Eu-TCPMB, Gd-
TCPMB, Tb-TCPMB and Tb0.95Eu0.05-TCPMB exhibit the same spectral profile, thus, 
corroborating the fact that there are isostructural. The broad absorption bands in the 
range of 3000–3500cm-1 may be assigned to the stretching of O–H bonds of the 
coordinated water molecules [38].  The spectra show a band at around 1655 cm-1 
assigned to the C=O stretching of the DMF molecules [102,103]. The bands of 
carboxylates occur around 1590 cm-1 for antisymmetric stretching and around 1400 
cm-1 for symmetric stretching [104]. The IR spectrum of La-TCPMB shows a profile 
completely different compared to the compounds obtained as single crystal 
corroborating the crystal data. The shoulder at around 1620 cm-1 may be probably 
interpreted as an indication of the presence of DMF molecules in the structure. The 
fact that the spectrum of La-TCPMB does not show absorption band at 1670 cm-1 
indicates that the ligand is completely deprotonated.  
4.3.3. Thermal stability  
The study of thermal stability was performed for Eu-TCPMB, Tb-TCPMB, Eu-
TCPMB-tppo and Eu-TCPMB-phen in the temperature range of 20 – 800 °C in a 
synthetic air atmosphere at a heating rate of 10 °C / min. The thermograms are 
presented in Fig. 21. TG curves of Eu-TCPMB and Tb-TCPMB show similar thermal 
behavior undergo weight loss in three steps. The first and second weight losses up to 
240 °C correspond to two water and two DMF molecules. The further heating leads to 
the structural collapse which reaches the maximum rates at 414 °C (appendices A 26 
a-b). The final residue of 24% may be identified as Ln2O3. It is very close to the 
calculated values of 23% and 24% expected for Eu-TCPMB and Tb-TCPMB, 
respectively. TG of Eu-TCPMB-tppo and Eu-TCPMB-phen also reveal a weight loss 
until 325 °C evidencing, thus the presence of free or coordinated solvent molecules. 
The collapse of the structures results in two endothermal events as can be seen in the 
appendices A 26 c-d. This difference in the profile of the degradation of the ligand may 
be considered as a confirmation of the presence of the auxiliary ligands in the 
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structures. The fact that the final residue values coincide with ones obtained for Ln-
TCPMB suggests that only a few solvents molecules were substituted.  
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Fig. 21: Thermograms of Eu-TCPMB, Tb-TCPMB, Eu-TCPMB-tppo and Eu-TCPMB-phen obtained in 
synthetic air flow. 
 
4.4. Synthesis and characterization of the compounds based on 
H6TDCPMB 
4.4.1. Synthesis, P-XRD, and FT-infrared spectroscopy 
In order to obtain in a crystalline phase, the solvothermal procedure was tested 
using water or DMF as the solvent and the temperatures of 120, 150, and 180 °C. The 
weight of ligand, time of reaction and volume of solvent were fixed to, 60 mg, 72 h and 
15 mL (37.5 % of the Teflon vessel). The use of chloride acid has not been tested 
considering very slight solubility of H6TDCPMB in DMF. Unfortunately, we have not 
been successful as shown by the P-XRD patterns of a series of EuIII containing 
compounds obtained in the attempts (Fig. 22a). Therefore, the compounds were 
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synthesized by precipitation in aqueous solution which, as expected, result in 
amorphous powder (Fig. 22b). Besides the shorter time required, in this methodology, 
the purification of the compounds was facilitated by washing with water. Another last 
attempt was done pursuing the obtention of single crystal. In this case, the reaction 
mixture consisted of 60 mg of H6TDCPMB, 15 mL of water or DMF, 0.5 mmol of NaOH 
was sealed and heated at 120 °C for 5 days. The diffractograms (Fig. 22d) suggest 
that by adding NaOH and adjusting other parameters, crystalline structure should be 
obtained. Probably the presence of hydroxide ions results in the formation of insoluble 
lanthanide-hydroxide species, which may initiate the crystal growth processes. 
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Fig. 22: (a) P-XRD patterns of Eu-TDCPMB obtained by solvothermal synthesis in DMF at 120 °C (1), 
150 °C (2), 180 °C (3) and by hydrothermal  at 120 °C (4), 150 °C (5), 180 °C (6). (b) P-XRD patterns 
of Eu-TDCPMB, Gd-TDCPMB, Tb-TDCPMB, Gd1.9Eu0.1-TDCPMB, Gd1.9Tb0.1-TDCPMB obtained by 
precipitation. (d) P-XRD patterns of Eu-TDCPMB obtained in DMF (black) or water (red) with the addition 
of NaOH to the reaction mixture. (d) TG and DTA curves of thermal decomposition of Eu-TDCPMB, Gd-
TDCPMB, and Tb-TDCPMB. 
 
The FT-IR spectroscopy study was performed for the compounds represented 
by the general formulas Ln-TDCPMB (Ln = EuIII, GdIII, TbIII) and Gd1.9Ln0.1-TDCPMB 
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(Ln = EuIII, TbIII). The IR spectrum of the salt Na6TDCPMB was also collected by 
comparison effect. The strong and broad absorption bands in the range of 3650 – 2900 
cm-1 attributable to the O-H stretching vibrations of the free water molecules. The 
antisymmetric and symmetric stretching of the CH2 appear as very low-intensity bands 
at around 2950 cm-1 and 2920 cm-1, respectively. The strong bands appearing around 
1590 and 1360 cm-1 correspond to the antisymmetric and symmetric stretching of the 
carboxylate group, respectively. The absence of strong absorption bands around 1730 
cm-1 indicates that the ligands are totally deprotonated. It is worth noting that the COO- 
antisymmetric and symmetric show practically no red-shift after coordination to the LnIII 
indicating coordination of LnIII mainly from an electrostatic interaction. The middle and 
narrow bands in the range of 1000-1470 cm-1 are attributed to C-N and C-C vibrations, 
C–H in-plane bending, C–O stretching, -CH2 rocking and wagging [105]. 
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Fig. 23: Infrared spectra of the salt Na6TDCPMB and the compounds represented by Ln-TDCPMB 
(Ln = EuIII, GdIII, TbIII) and Gd1.9Ln0.1-TDCPMB (Ln = EuIII, TbIII). 
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4.4.2. Thermal stability  
Thermogravimetric analyses were performed for Eu-TDCPMB, Gd-TDCPMB 
and Tb-TDCPMB as dried and powdered samples in the range of 30 – 800 °C under 
N2 atmosphere. The thermograms are shown in Fig. 22d. They exhibit basically two 
mass losses in the temperature ranges 30 – 160 °C and 340 – 600 °C which may be 
probably attributed to the loss of water molecules and burning of the organic ligands, 
respectively. The process of involving the water molecules observed in the TG curves, 
characterized by a total mass loss of ~12% corresponding to a ratio of 7 water moles 
per mol of Ln-TDCPMB. Such result suggests that the water molecules are not 
coordinated to central ion as expected. In fact,  the pyridine-2, 6-dicarboxylic acid 
moiety is an efficient tridentate N, O-chelating ligand able to coordinate with the 
lanthanide ion in a 3:1 ratio through six oxygens of carboxyl groups and three nitrogen 
atoms of the pyridine units saturating the first coordination sphere, thus leaving no 
coordination site for water molecules. After dehydration, the anhydrous compounds 
are stable up to about 340 °C where further heating leads to the degradation of the 
organic part and formation of lanthanide oxycarbonate (Ln2O2(CO3)2) which is 
posteriorly decomposed in Ln2O3 and CO2 as indicated by an exothermic event at 
around 460 °C [106]. The found value for ca. 31 % for the final residue agrees with the 
expected 32% based on the stoichiometry of the reaction between LnIII and TDCPMB6-. 
Thus, the molecular formula of the compounds Ln-TDCPMB can be represented by 
Ln2TDCPMB.7H2O. 
4.5. Characterization of the compounds based on H2BDC and HAC 
4.5.1. Powder x-ray diffraction and Infrared spectroscopy  
The powder X-ray diffraction (P-XRD) has been carried to compare the 
crystalline structure of the compounds. Fig. 24a shows that independently using one 
or a mixture of ligands, the compounds were obtained as crystalline powder and the 
diffractograms of the Eu-AC-BDC and TB-AC-BDC exhibit all diffraction peaks found 
in the diffractograms of Eu-AC and Eu-BDC. As can be seen in A 28,  The 
diffractograms show that the two compounds containing only one ligand and the two 
compounds build using the mixing ligands are isomorphous one to each other. 
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Therefore, the infrared spectroscopy study was carried only for the EuIII containing 
compounds. 
The vibrational spectra in the infrared range of the free ligand H2DBC, HAC, 
their sodium salts Na2BDC, NaAC and the compounds Eu-AC, Eu-BDC, and Eu-AC-
BDC are presented in Fig. 24b.  The spectra of both protonated ligands show a broad 
band (due to hydrogen bonding) in the range 2250-3120 cm-1 assigned to the stretching 
of the O-H of the COOH groups overlapping to the ring C‒H stretching (A 29). The 
strong band centralized at 1675 cm-1, which can be assigned to the stretching mode of 
the C=O groups. The band assigned to the C‒O stretching appears at 1275 cm-1 and 
1253 cm-1 for H2BDC and HAC, respectively [107].  The spectra of their sodium salts 
Na2BDC and NaAC exhibit strong absorption bands owing from the antisymmetric (a) 
and symmetric (s) stretching of the carboxylate groups centered at 1553 and 1379 
cm-1, respectively for Na2BDC (a - s = 174 cm-1) and at 1558 and 1318 cm-1 for NaAC 
(a - s = 240 cm-1). The spectrum of NaAC shows three absorption bands centralized 
at 1618, 3337, 3042 and 3654 cm-1 which may be attributed to the aromatic ring 
vibrations, O-H stretching in solvation water, ring C-H stretching and stretching of O-H 
bond in residual NaOH [108], respectively. In the Na2BDC spectrum, the ring C-C 
stretching is coupling with the COO- antisymmetric vibration mode and the ring C-H 
appears as a low-intensity band centered at 3068 cm-1.  Upon coordination to the 
trivalent Ln resulting in the compounds Ln-BDC and Ln-AC,  the antisymmetric and 
symmetric bands of the COO- red-shifts and blue-shifts, respectively to 1536 and 1396 
cm-1 (a - s = 140 cm-1) for Ln-BDC and both red-shifts to 1528 and 1308 cm-1 
respectively (a - s = 220 cm-1) for Ln-AC. By using a series of acetate salts, Deacon 
and Phillips [109], have examined the structures and vibrational frequencies observed 
for a number of carboxylate salts in the solid-state and have found an empirical rule for 
the correlation between the frequency separation between the COO- antisymmetric 
and symmetric stretching (a - s) and the Kinds of coordination of the COO- group to 
a metal cation. The rule is expressed as: (a - s) for unidentate > (a - s) for ionic ~ 
(a - s)   for bridging > (a - s)  for bidentate. Thus, based on the values of (a - s) 
obtained of the salts and the compounds, one may conclude that both ligands 
coordinate the trivalent ions mainly as a bidentate mode. The spectra exhibit the broad 
band assigned to O–H stretching vibrations of coordinated and uncoordinated water 
molecules centered at around 3440 cm-1 and indicate that compounds obtained from 
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H2DC contain more water molecules in their structures. The absorption bands centered 
447 cm-1 for Ln-BDC and 425 cm-1 for Ln-AC may be attributed to Ln-O stretching. The 
presence of these bands indicates a strong interaction between Ln and the carboxylate 
groups. The spectrum of Eu-AC-BCD is identical to the spectrum of Eu-AC probably 
due to the fact that HAC was used in higher quantity.  
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Fig. 24: (a) Powder XRD diffraction patterns of Eu-AC, Eu-BDC, Eu-AC-BDC and Tb-AC-BDC (b) FT-
IR spectra of the free ligand HAC, H2BDC, the salts NaAC, Na2BDC and the compounds Eu-AC, Eu-
BDC and Eu-AC-BDC. 
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4.5.2. Thermal stability  
As the P-XRD patterns confirm that the compounds containing one ligand or the 
mixing of both are isomorphous one to each other respectively, the thermal 
degradation profile and the thermal differential analysis curves were performed only 
for Eu-AC, Eu-BDC and Eu-AC-BDC in synthetic air atmosphere form ambient 
temperature (ca. 30 °C) to 740 °C. The TG and DTA curves are shown in  Fig. 25. The 
thermogram profile of Eu-AC indicates good thermal stability up to 350 °C. Its DTA 
curves show no endothermic peak that should be assigned to coordinated water 
molecules suggesting Ln(AC)3 as the molecular formula for the compounds 
represented by Ln-AC. The decomposition of the complex occurs in one thermal event,  
observed by the one exothermic peak centered at 425 °C in the DTA curve (A 31), 
resulting in a plateau corresponding to the formation of Eu2O3. The agreement between 
the found value (22 %) and the expected (22%) confirms the purity of the compounds.  
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Fig. 25: Thermogravimetric curves of Eu-AC, Eu-BDC, and Eu-AC-BDC 
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The TG of Eu-DBC is characterized by a plateau up to 110 °C where starts a 
mass loss of 8.7 % until 142 °C accompanied by an exothermal event (appendix A 31) 
corresponding to 4 coordinated molecules. The resulting anhydrous structure is 
thermally stable until 410 °C where begins the degradation of the ligand. The complete 
collapse happens 463 °C resulting in Eu2O3 as residue. The expected value (41 %) 
matches the found experimentally (41 %) (appendix A 31). Thus, the molecular formula 
of the compounds Ln-DBC was determined to be Ln2(BDC)3(H2O)4.  The loss weight 
and the final residue in the Eu-AC-BDC’s thermogram show values intermediary 
compared to the ones obtained on the thermograms of Eu-AC and Eu-BDC. The bound 
water molecules correspond to 4.3 % (half of the value (8.7 %) in Eu-BDC) of the 
molecular weight and the final residue corresponds to 30 % which is in good agreement 
to the mean (31.9 %) of final residues found for Eu-AC and Eu-BDC. Such results 
confirm the ligand ratio used in the synthesis. The residue calculated based on the 
formula Eu2(AC)3(BDC)1.5(H2O)3 was 28%. The temperature drop at the end of the 
ligand decomposition indicates that the thermal decomposition occurred in high speed 
an involves a high quantity of heat.  
4.6.  Characterization of the compounds based on H2BDC and Hacac 
4.6.1. P-XRD and FT-IR spectroscopy studies  
The X-ray powder diffraction patterns of the compounds represented by TbxEu1-
x(acac)x(BDC)1.5-x/2 are displayed in Fig. 26a together with the P-XRD pattern of Tb-
BDC by effect comparison. They indicate that, except for x = 0.95, the compounds are 
isostructural with each other and with Tb-BDC. It is important to note the decrease in 
crystallinity with increasing of acac- fraction. The vibrational spectra in the infrared 
range were recorded and compared to the infrared spectra of Eu-BDC and 
Tb(acac)3(H2O)2. As can be seen in Fig. 26b, the spectra show no vibrational bands 
which should be assigned to the acac ligand. Such observation may be due to the low 
acac / BDC mass ratio which varies between 0.4 and 0.6 for x = 0.75 and 0.99 
respectively.  
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Fig. 26: P-XRD patterns (a) and FT-IR spectra (b) of the compounds represented by TbxEu1-
xacacxBDC1.5-x/2 (x = 0.99, 0.95, 0.93, 0.9, 0.85 and 0.75). 
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4.6.2. Thermal stability  
The thermogravimetric analysis was performed in the temperature range 30-
1200 °C under nitrogen atmosphere for the compounds where (x = 0.99, 0.95, 0.93 
and 0.9). It is clear from the thermograms that the compounds undergo a mass loss of 
about 6-8% in the first step (100-140 °C) corresponding to the elimination of free and 
coordinated water molecules. After a slow mass loss up to 400 °C, the anhydrous 
structures start collapsing to achieve the Tpeaks around 450 °C resulting in a plateau 
corresponding to ca 50 % of the initial mass value. This value is in perfect agreement 
with the formation of lanthanide oxycarbonate (Ln2O(CO3)2) as final residue. 
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Fig. 27: Thermograms of the compounds represented by TbxEu1-x(acac)x(BDC)1.5-x/2 (x = 0.99, 0.95, 0.93 
and 0.9). 
4.6.3. Electronic properties: Diffuse reflectance UV-vis spectroscopy 
As shown in Fig. 28, the solid-state UV-vis absorption spectra of the free ligands 
H3TCPMB, H6TDCPMB, H2BDC and the salts Naacac and Na2BDC were measured 
and compared to the spectra of the as-synthesized compounds. All spectra are 
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characterized by a broad band assigned to singlet-singlet electronic transitions. For 
H3TCPMB and H6TDCPMB, the GdIII coordination results in a slight blue shift of the 
maxima and a narrowing of the absorption band which can be ascribed to the 
perturbation induced by the metal ion [110]. Due to their emission following the ligand 
absorption in the UV range, the spectra of the compound containing EuIII or TbIII show 
a different profile compared to those containing GdIII ions.  
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Fig. 28: Representative UV-vis DRS spectra of the compounds synthesized from the ligands H3TCPMB 
(a), H6TDCPMB (b), HAC &H2BDC (c) and Hacac & H2BDC (d). 
Despite it was proven by  P-XRD spectroscopy and thermal analysis that the 
compound Eu-AC-BDC contains the linker  BDC2-, Its absorption spectrum is quite 
similar to the absorption spectrum of Eu-AC, thus in agreement with the result obtained 
in the infrared spectroscopy. Comparing the spectra of the salts Naacac, Na2BDC to 
the spectra of the compounds represented by TbxEu1-x(acac)x(BDC)1.5-x/2, it is clear that 
the absorption band at 340 nm is assigned to the acac- part once its intensity decreases 
progressively as the fraction of acac- decreases from 0.99 to 0.75. 
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4.7. Solid-state photophysical properties 
4.7.1. Compounds based on the ligand H3TCPMB 
4.7.1.1.  Triplet state of H3TCPMB  
As mentioned in the introduction, in lanthanide complexes, the indirect excitation 
(called sensitization or antennae effect) of the active ion occurs from an energy 
migration following the ligand centered absorption, mainly, by a singlet to triplet 
intersystem crossing (1S* → 3T*) and finally the triplet to lanthanide energy transfer 
(3T* → LnIII). The efficiency of this complex energy transfer process involves numerous 
rate constants and is highly dependent on the energy gap between the lowest ligand 
triplet state and the LnIII emitting level [111]. In the cases of EuIII and TbIII respectively, 
the triplet ligand state should be localized sufficiently above the 5D0 (17,290 cm-1) and 
5D4 (20,500 cm-1) levels, respectively, allowing efficient energy transfer and preventing 
quenching via the back-energy transfer. Therefore, it becomes an important issue to 
determine the triplet state energy of the ligand, which can be calculated by referring to 
the lower wavelength emission edge of the corresponding phosphorescence spectrum 
obtained at low temperature of the GdIII equivalent compound [42].  When coordinated 
to the GdIII, the ligand phosphorescence is facilitated by both paramagnetic and heavy-
atom effects improving the intersystem crossing from the singlet to the triplet excited 
state [112] and  the absence of energy transfer from the ligand to GdIII ion which has 
the first excited level (6P7/2)  at 32,200 cm-1, thus above the first triplet energy level of 
all organic ligands  [113–115]. Therefore, energy transfer from ligands to the GdIII ion 
not occurring, photoluminescence of GdIII complexes involving ligands with aromatic 
rings is due to electronic transitions between perturbated ligand localized states [116]. 
Furthermore, the cryogenic temperature enhances the phosphorescence emission, 
which is often weak at room temperature due to thermal and solvent quenching. Fig. 
29a shows the excitation and emission spectra of the free ligand H3TCPMB and the 
compound Gd-TCPMB collected at 77 K. The emission spectrum of the free ligand 
shows the phosphorescence represented by three vibrionic bands at 405, 440 and 470 
nm but is dominated by the fluorescence band with the maximum at 338 nm (29,586 
cm-1) owing to the 1S →1S0 electronic transitions. The assignments of these bands 
were based on the photoluminescence spectra of  La-TCPMB shown in Fig. 30a and 
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b, which also shows that the relative intensities of the singlet and triplet states are 
temperature dependent. Upon excitation at 270 nm and 295 K, the emission band 
owing from the second singlet is more intense than the triplet state emission (Fig. 30a). 
Lowering the temperature down to 77 K, the triplet band becomes more intense 
relatively (Fig. 30b).  With a delay of 0.05 ms, the two bands at 300 and 354 nm 
disappeared indicating that they are owing to allowed singlet to singlet electronic 
transitions. The more intense phosphorescence regarding the fluorescence can be 
attributed to the heavy atom effect [117].  After complexation to the GdIII, the 
fluorescence band is completed attenuated and the vibronic bands are not well defined 
probably due to the paramagnetic effect which, from the strong interaction between the 
ligand π-electrons inner 4f electrons of GdIII ion, mixes the triplet and singlet states 
improving the internal conversion and the intersystem crossing [118]. By the spin-orbit 
coupling interaction, the triplet state acquires a partially singlet character and the 
selection rules are relaxed [31]. 
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Fig. 29: (a) Excitation (dark) and emission (red) spectra of the free ligand H3TCPMB at 77 K monitored 
at em = 338 nm and ex =283 nm respectively. (b) Excitation (dark) and emission (red) spectra of Gd-
TCPMB at 77 K monitored at em = 416 nm and ex = 286 nm respectively.  
 
By assuming the shortest phosphorescence band wavelength to be the 0-0 
phonon transition, the triplet state energy was estimated to 26,316 cm-1, therefore 
9,052 and 5,816 cm-1 above the emitting states of EuIII (5D0) and TbIII (5D4), respectively. 
These results suggest that the ligand may sensitize luminescence of both active ions 
but is more suitable for the TbIII ion. According to the general antennae effect principle, 
the ligand to metal energy transfer efficiency depends directly on the energy difference 
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between the lowest triplet state energy of ligands and the resonant emissive of the 
optically active ion [119]. 
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Fig. 30: (a) Photoluminescence study of La-TCPMB at 295 K. Excitation spectrum monitored at em = 
430 nm (dark) and emission spectra monitored at ex = 270 nm (red) and at ex = 295 nm (blue). (b) 
Prompted and delayed emission of La-TCPMB upon excitation at ex = 270 nm and T = 77 K. 
 
4.7.1.2. Photoluminescent properties of the compounds containing the 
optically active ions  
The solid-state photophysical properties (excitation an emission spectra and 
emission lifetime) of the compounds Eu-TCPMB and Tb-TCPMB and Tb0.95Eu0.05-
TCPMB were investigated at 77, 110 and 300 K. The photoluminescence of 
La0.95Eu0.05-TCPMB was also studied by comparison effect. For Eu-TCPMB, the 
excitation spectra monitored at 616 nm collected at the temperatures of 77 K, 110 K 
and 300 K (Fig. 31a) exhibit a broad band between 250 and 380 nm attributed to π*←π 
transitions of the TCPMB3- trianion [120] indicating that energy transfer occurs from 
the ligand to the EuIII ions. Apart from this broad band, a series of narrow lines in the 
longer wavelength region (350 nm to 600 nm) owing to intra-configurational electronic 
transitions between 7F0 and 5L6 electronic states at 393 nm and transitions between 
7F0,1 and 5D2,1 electronic state level were also observed. The detection of these intra-
configurational bands evidences the poor efficiency of the energy transfer between the 
ligand and the EuIII ions. Unexpectedly, the intra-configurational transition becomes 
more intense at room temperature regarding the ligand excitation band. This result 
suggests an increase of possible deactivation mechanisms of the singlet state at the 
expense of the intersystem crossing process or an intensification of the vibronic 
transitions. 
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The emission spectra of Eu-TCPMB at the three temperatures recorded under 
ligand and intra-configurational excitation at 290 and 393nm, respectively show the 
typical EuIII red emission as narrow and well-separated emission bands centered at 
∼579, 592, 616, 651, and 700 nm, corresponding to electronic transitions from the EuIII 
centered 5D0 excited state to the 7FJ (J = 0−4) ground state multiplet with the 
hypersensitive 5D0 → 7F2 transition dominating the spectra, thus in agreement with the 
fact that the EuIII are localized in site with no inversion center. The intensity ratio of 8.32 
between the 5D0→7F2  forced electric dipole and symmetry sensitive and the 5D0 → 7F1 
magnetic dipole allowed transitions is in good agreement with the symmetry of the field 
around the Europium ion [121,122]. When excited in the intra-configurational band at 
393 nm, the 5D0→7F1 and 5D0 → 7F2 transitions split into four and seven Stark 
components respectively (Fig. 31e). The resolved emission band attributed to 5D0 → 
7F0 transition remains as an asymmetric and relatively broad one-component band 
(Fig. 31f) and a different profile of the emission band attributed to 5D0 → 7F4 transition 
is observed when it is compared to the emission spectrum obtained upon excitation at 
290 nm.  Such a result probably is an indication that the obtained emission profile upon 
the intra-configurational excitation may be assigned to the crystal disorder owing from 
the two different spatial orientations of the coordinated DMF molecules. Such special 
orientation probably leads to slight differences around the EuIII sites probably due to 
small distortions and variations in the Eu-O bond lengths (Table 2).  
In order to confirm this premise, we tried to substitute the solvent molecules by 
triphenyl oxide (tppo) or phenanthroline (phen) ligands synthesizing the compounds 
namely Eu-TCPMB-tppo and Eu-TCPMB-phen. The angle OD-Eu-Ow of 79.64° is 
sufficiently large to allow the coordination of the auxiliary ligands. Unfortunately, these 
syntheses did not result in crystalline compounds. However, the photoluminescence 
study performed at 293 K gave a few hints. The absence of the narrow band at 317 
nm due to its overlapping by the broad excitation part assigned to tppo, indicate the 
coordination of the auxiliary ligand to EuIII. For Eu-TCPMB-phen, the intra-
configurational transition bands are very weak regarding the indirect excitation proving 
that phen is better than tppo in the sensitization of EuIII luminescence. Furthermore, 
Eu-TCPMB and Eu-TCPMB-tppo show a similar excitation profile at 293 K regarding 
the intensity ratio between the ligand excitation and intra-configuration band at 393 nm. 
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This fact suggests that the geometry of the EuIII environment did not change with the 
substitution of the solvent molecules. 
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Fig. 31: Normalized excitation spectra obtained at 77 K (dark), 110 K (red) and 300 K (blue) of Eu-
TCPMB monitoring at 616 nm (a). Normalized emission spectra of Eu-TCPMB upon excitation at 290 
nm (dark) and at 393 nm (red) collected at 77 K (b), 110 K (c) and 300 K (d). Emission spectra of Eu-
TCPMB at 77 upon excitation at 290 nm and 393 nm. The Insets show the 5D0→F1 and 5D0→F2 regions 
magnified (e). High-resolution 5D0 → 7F0 emission band of the Eu-TCPMB coordination network obtained 
at 77 K upon excitation at 290 and 393 nm (f). 
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Fig. 32: Normalized excitation and emission spectra monitored at 614 nm and at 280 nm respectively of 
Eu-TCPMB-tppo (a) and at 614 nm and 300 nm of Eu-TCPMB-phen (b) collected at ca. 293 K 
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In the case of Tb-TCPMB, the ligand excitation band extend only to 310 nm and 
enlarges slightly when collected at 300 K (Fig. 33a).  The emission spectra, upon 
excitation at 280 nm are characterized by the TbIII emission bands centered at 489, 
542, 586 and 622 nm assigned to the transitions between 5D4 and 7FJ (J= 6, 5, 4, 3) 
states, respectively.  
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Fig. 33: Normalized excitation (a) and emission (b) spectra of Tb-TCPMB monitored at 543 nm and 280 
nm respectively and collected at 77 K (dark) and at 300 K (red). 
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As evidenced from its photoluminescence spectra presented in Fig. 34a and b, 
excitation spectra of the mixed LnIII compound Tb0.95Eu0.05-TCPMB monitored both TbIII 
and EuIII emission show the same profile of Tb-TCPMB. Monitoring at 616 nm, the 
excitation spectra show the weak narrow band at 488 nm assigned to TbIII, indicating 
thus, a TbIII → EuIII energy transfer. As expected, the emission spectra show 
simultaneously the bands assigned to 4f-4f electronic transitions of both EuIII and TbIII. 
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Fig. 34: (a) Normalized excitation of Tb0.95Eu0.05-TCPMB monitored at 616 nm and 543 nm at the 
temperatures of  77 K and 300 K. (b) normalized emission spectra of Tb0.95Eu0.05-TCPMB excited at 283 
nm and at 393 nm at the temperatures of 77 K and 300 K. 
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The photoluminescence decay curves were collected at the three different 
temperatures by monitoring the respective strongest emission of both EuIII (5D0 → 7F2) 
and TbIII (5D4 → 7F5) ions. The corresponding curves for Eu-TCPMB upon excitation at 
290 nm and 393 nm and for Tb-TCPMB excited at 280 nm are given in Fig. 35. The 
emission lifetime values, depicted in Fig. 38, were obtained by fitting the decay curves 
with mono-exponential decay functions, indicating that even with the slight differences 
in symmetry around the ions due to the crystal disorder, on average the emitting states 
contribute with just one emission lifetime value. This result is corroborated with the 
5D0 → 7F0 band shape obtained at 77 K (Fig. 31f). A similar result was also obtained 
by Monteiro and co-authors [123]. The observed emission lifetime of Eu-TCPMB and 
Tb-TCPMB obtained in three different temperatures upon excitation in the broad and 
also at 393 nm for Eu-TCPMB remain practically invariable in the temperature range 
of 77–300 K, indicating a rigid stacking of the crystal lattice opening a possibility to 
prepare NIR emitting network, by changing TbIII and EuIII to YbIII, ErIII, or NdIII, for 
biological applications and upconversion study. A similar result was obtained by 
Richard and collaborators studying the optical properties TbIII and EuIII containing 
MOFs constructed from the ligand 3,5-disulfobenzoate anion (DSB) [55]. The slight 
variations of the emission lifetime values as the temperature increases may probably 
related to the fact that the efficiency of the ligand to metal energy transfer process 
improves with temperature increase as shown by the emission spectra of Gd-TCPMB 
collected at 77 and 300 K (A 33). When collected at 77 K, the spectrum shows only the 
broad band assigned to the ligand owing from the radiative decay of the triplet state. 
At 300 K, the ligand emission is completely attenuated, and narrow emission bands 
attributed to both TbIII and EuIII were observed due to the presence of EuIII and TbIII as 
impurities in the compound. As can be seen in Table 4, for Eu-TCPMB, the lifetime 
values obtained exciting at 393 nm are slightly higher than obtained upon excitation in 
the ligand broad band at 290 nm. The same effect which may be an indication of an 
increase in the radiative decay rate upon 5L6 ← 7F0 intra-configurational excitation was 
observed for a Europium coordination framework based on the terephthalic acid [124]. 
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Fig. 35: Luminescence decay curves of Eu-TCPMB and Tb-TCPMB monitored at 616 nm and 543 nm 
respectively upon excitation at 290 nm and 393 nm for Eu-TCPMB and at 280 nm for Tb-TCPMB at the 
temperatures of 77K, 110 K and 300 K. 
 
Table 4: Observed emission-lifetime values of the compounds prepared from ligand H3TCPMB 
   77 K 110 K 300 K 
 exnm em/nm /ms ms ms 
Eu-TCPMB 290 616 0.507 ± 0.001 0.505 ± 0.002 0.514 ± 0.001 
Eu-TCPMB 393 616 0.560 ± 0.004 0.526 ± 0.001 0.530 ± 0.001 
Tb-TCPMB 280 543 0.888 ± 0.004 0.907 ± 0.001 0.982 ± 0.008 
Eu-TCPMB-tppo 393 616 0.602 ± 0.000 0.577 ± 0.001 0.500 ± 0.001 
Eu-TCPMB-tppo 290 616 0.616 ±0.000 0.611 ± 0.001 0.487 ± 0.000 
Eu-TCPMB-phen 393 616 0.801 ± 0.000 0.802 ± 0.000 0.662 ± 0.000 
Eu-TCPMB-phen 290 616 0.760 ± 0.000 0.774 ± 0.000 0.690 ± 0.000 
Tb0.95Eu0.05-TCPMB 283 543 0.260 ± 0.004 
& 
0.910 ± 0.002 
0.220 ± 0.003 
& 
0.901 ± 0.002 
0.180 ± 0.003 
& 
0.890 ± 0.001 
Tb0.95Eu0.05-TCPMB 283 700 1.62 ± 0.001 1.58 ± 0.001 1.51 ± 0.001 
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The emission decay curves of Eu-TCPMB-tppo and Eu-TCPMB-phen, collected 
at the same temperatures, are presented in Fig. 36 and 37. They are single exponential 
decays and as can be seen in Table 4, the luminescence lifetime values are longer 
than for Eu-TCPMB. Such a fact can be seen as an additional evidence of substitution 
of the solvent molecules in Eu-TCPMB by tppo or phen ligand. Water molecules in the 
first coordination sphere of EuIII provide an efficient route for radiationless deactivation 
of the excited states [125]. Assuming that the reduction in TbIII emission lifetime is due 
only to the presence of EuIII ions, the efficiency of the TbIII to EuIII energy transfer 
process (ηET) may be estimated to 71%, 76% and 80% at 77 K, 110 K, and 300 K 
respectively using the equation ηா் = 1 −
𝜏ଵ 𝜏଴ൗ  where τ0 and τ1 are the Tb
III 
luminescence lifetimes in the absence and presence, respectively, of EuIII ions. 
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Fig. 36: Emission decay curves of Eu-TCPMB-tppo excited at 393 nm (a) and at 290 nm (b) monitored 
at 616nm at the temperatures of 77 K, 110 K, and 300 K. 
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Fig. 37: Emission decay curves of Eu-TCPMB-phen excited at 393 nm (a) and at 290 nm (b) monitored 
at 616nm at the temperatures of 77 K (black), 110 K (red) and 300 K (green). 
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The lifetime measurements for the LnIII emissions in mixed lanthanide 
compounds represent an important tool for the demonstration of energy transfer 
between the LnIII ions. The luminescence lifetimes of EuIII and TbIII are not effectively 
affected by the temperature increases. While the decay curves monitored in EuIII are 
mono-exponential, those monitored in TbIII are fitted by biexponential functions 
resulting in two emission lifetime values, thus confirming the TbIII → EuIII energy 
transfer. The lifetime value of 0.9 ms has the closest resemblance to the lifetime values 
found for Tb-TCPMB indicating that the EuIII affects the spectroscopic properties of only 
a part of the TbIII ions. The observed rise time of EuIII monitored decay curves suggests 
a slow TbIII to EuIII energy migration, probably due to the intermetallic distance [55]. In 
terms of the EuIII 5D0 lifetimes measured for Tb0.95Eu0.05-TCPMB, the significant 
increase in the decay emission observed in comparison to Eu-TCPMB may be 
explained by the TbIII → EuIII and mainly the reduction of the concentration quenching 
effect. 
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Fig. 38: Emission decay curves  of Tb0.95Eu0.05-TCPMB monitored at 543 nm and 700 nm upon excitation 
at 283 nm at the temperatures of 77K, 110 K and 300 K 
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4.7.2. Compounds based on the H6TDCPMB ligand 
 In the same way, the photophysical properties were investigated for the 
compounds represented by the general formula Ln-TDCPMB (Ln = GdIII, EuIII, TbIII) in 
the solid-state at room temperature. Firstly, the time-resolved phosphorescence (Fig. 
39a) spectra of the ligand were obtained at 77 K using Gd-TDCPMB in order to 
discriminate the triplet state emission. The triplet energy was estimated to 25,974 cm-
1 and 22,779 cm-1 by the tangent and deconvolution methodologies respectively using 
the emission spectrum corresponding to the delay of 1.1 ms as shown in Fig. 39b. 
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Fig. 39: Time-resolved photoluminescence of Gd-TDCPMB at 77 K excited at 310 nm (a) and triplet 
energy estimation for H6TDCPMB using both tangent and deconvolution methodologies (b).  
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measured at 295 K. 
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The capacity of the TDCPMB6- linker to provide efficient sensitization for EuIII 
and TbIII, excitation and emission spectra of the Ln-TDCPMB (Ln = GdIII, EuIII or TbIII) 
were examined at room temperature in the solid-state. All the excitation spectra display 
an intense and broad band in the blue spectral range attributed to π*← π electron 
transition of TDCPMB linkers [126]. The shoulder between 300 and 360 nm in the 
excitation spectrum of Tb-TDCPMB may be assigned to the spin‐forbidden 
interconfigurational 4f8 → 4f75d1 transition of TbIII ions [127].  To better investigate this 
difference in the profile of the excitation spectra, the GdIII compound was doped with 
TbIII (4 %) and the photoluminescence properties were studied (appendix A 34). 
Monitoring the TbIII emission at 544 nm, the excitation spectrum exhibits a similar band 
in comparison to Tb-TDCPMB, while monitored in the range of the ligand 
phosphorescence at 513 nm, the excitation spectrum shows a two-component band 
centered at 312 and 424 nm. Interestingly, the excitation at 312 nm results in the TbIII 
emission. Such observations suggest that the luminescence sensitization occurs from 
Triplet to LnIII energy transfer and mainly via singlet energy transfer and ligand to metal 
charge transfer.   As shown in Fig. 40b, under excitation in the ligand broad band, the 
emission spectrum of Gd-TDCPMB displays the typical ligand emission band with the 
maximum at 436 nm, which was assigned to the triplet state emission based on the 
time-resolved spectra. Upon excitation in the ligand absorption band, Eu-TDCPMB and 
Tb-TDCPMB spectra exhibit the characteristic EuIII and TbIII luminescence with narrow 
and well-separated emission bands. Eu-TDCPMB and Tb-TDCPMB display their 
respective emission narrow bands centered at 578, 592, 615, 648 and 696 nm for Eu-
TDCPMB and at 489, 543, 582 and 621 nm for Tb-TDCPMB attributed to the 5D0 → 
7FJ (J = 0-4) and 5D4 → 7FJ (J = 6-3) electronic transitions of EuIII and TbIII, respectively. 
The absence ligand band in emission spectra of Eu-TDCPMB and Tb-TDCPMB 
indicates an effective energy transfer from the ligand to both trivalent lanthanide ions. 
As discussed before, the compound Eu-TDCPMB was synthesized following the 
solvothermal methodology in order to obtain them in a crystalline phase. By comparing 
the diverse excitation and emission spectra (appendix A 35) with those of the 
compound obtained by direct precipitation (Fig. 40), one may note that variations in the 
Eu-TDCPMB spectra profile were observed when the temperature was increased to 
180 °C. As expected, all the TbIII / EuIII doped compounds simultaneously show both 
the characteristic emissions of the TbIII and EuIII ions.  
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Fig. 41: Excitation and emission spectra of Gd1.1Tb0.4Eu0.5-TDCPMB obtained at room temperature 
(293 K). 
 
 Typical luminescence decay profiles of the compounds Tb-TDCPMB, Eu-
TDCPMB, Gd1.9Tb0.1-TDCPMB, and Gd1.9Eu0.1-TDCPMB, Gd1.5Tb0.4Eu0.1 -TDCPMB, 
and Gd1.3Tb0.4Eu0.3 -TDCPMB are depicted in Fig. 42. For Tb-TDCPMB and Eu-
TDCPMB, the curves can be described by single exponential decay functions thus 
indicating that the LnIII ions are located in the very similar chemical environments. The 
luminescence decay time monitoring the transitions 5D4 → 7F5 and 5D0 → 7F2 for Tb-
TDCPMB and Eu-TDCPMB were estimated to be 0.98 and 0.63 ms, respectively. The 
shorter lifetime of 5D0 may be explained by the presence of the water molecules in the 
coordination sphere which quenches more effectively the EuIII luminescence regarding 
TbIII.  Relatively efficient coupling of the EuIII excited states occurs to the third 
vibrational overtone of the O-H oscillators ((H) ~3300-3500 cm-1) and to the fourth 
harmonic in the case of TbIII, which is consistent with the less efficient quenching 
observed for TbIII where the Franck–Condon overlap factor is less favorable [38].  In 
Gd1.9Tb0.1-TDCPMB and Gd1.9Eu0.1-TDCPMB, while the TbIII emission lifetime shows 
only a higher value (Fig. 42 a-b) due to the reduction of the concentration quenching 
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in comparison to Tb-TDCPMB, the 5D0 EuIII decay curve exhibits a biexponential profile 
and important variations in the lifetime values compared to Eu-TDCPMB indicating the 
distribution of the ions in at least two different chemical environments. In the Tb/Eu 
mixed compounds, luminescence decay monitored in both ions show a biexponential 
profile. The simultaneous decrease and increase in the luminescence lifetimes of 5D4 
of TbIII and 5D0 of EuIII indicate the existence of energy transfer from TbIII to EuIII [128].  
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Fig. 42: Luminescence decay profiles of the compounds Tb-TDCPMB and Eu-TDCPMB (a), 
Gd1.9Tb0.1-TDCPMB and Gd1.9Eu0.1-TDCPMB (b), Gd1.5Tb0.4Eu0.1 -TDCPMB (c) and 
Gd1.3Tb0.4Eu0.3 -TDCPMB (d) excited at 275 nm and monitored at 543 nm (TbIII) and at 616 nm EuIII). 
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4.7.3. Compounds based on the ligand H2BDC and HAC  
The photoluminescence studies of the compounds synthesized from the ligands 
H2BDC and HAC were carried out at room temperature. The energies of the H2BDC 
and HAC ligands triplet levels are reported in the literature as 23,256 and 20,200 cm-1 
[124,129]. For Eu-BDC and Tb-BDC, the excitation spectra (Fig. 43 a and b) show the 
intense broadband with two maxima at around 280 and 320 nm which is assigned to 
the π → π∗ transitions of the BDC2- linker, indicating an effective energy transfer from 
the ligand to the metal (antenna effect). In the region of 350 - 470 nm, the excitation 
spectrum of Eu-BDC shows the low-intensity narrow bands attributed to the 4f-4f 
transitions of EuIII. In both cases, exciting in the broad band, the emission spectra of 
the compounds exhibit only the characteristic narrow and well-separated emission 
bands of EuIII (Fig. 43a) and TbIII (Fig. 43b) indicating that the BDC2- is an interesting 
antenna chromophore for sensitizing both EuIII and TbIII ions.  The low-lying energy of 
the triplet state prevents the sensitization of TbIII and EuIII ions, thus the 
photoluminescence spectra of Eu-AC and Tb-AC (Fig. 44) show only the ligand 
centered-luminescence.  
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Fig. 43: (a) Excitation spectrum monitored at 616 nm (black) and emission spectrum monitored at 324 
nm (red) of Eu-BDC at 295k.  (b) (a) excitation spectrum monitored at 545 nm (black) and emission 
spectrum monitored at 320 nm (red) of Tb-BDC at 295k. 
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Fig. 44: (a) Excitation spectra of the free ligand HAC and the compounds Eu-AC and Tb-AC monitored 
at 504, 441 and 524 nm respectively. (b) emission spectra of HAC excited at 284 nm (dark) and 370 nm 
(red), of Eu-AC, excited at 257 nm (green) and 366 nm (blue) and of Tb-AC excited at 257 nm (cyan) 
and 364 nm (orange). The spectra were recorded at 293 K.   
The steady-state excitation spectra of Ln-BDC-AC (Ln = EuIII, TbIII) (Fig. 45) 
show the same broad band with a blue-shift in comparison to the spectra of the 
compounds containing only the BDC ligand. Furthermore, the EuIII intra-configurational 
bands are substantially attenuated suggesting an energy transfer from EuIII ion to the 
ligand AC-. The emission spectra exhibit a similar profile of Ln-BDC indicating that the 
symmetries around the lanthanide ions are the same in both cases.  
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Fig. 45: (a) Excitation spectrum monitored at 615 nm (black) and emission spectrum monitored at 304 
nm (red) of Eu-BDC-AC at 295k.  (b) (a) excitation spectrum monitored at 546 nm (black) and emission 
spectrum monitored at 304 nm (red) of Tb-BDC-AC at 295k. 
 
The emission spectra of Tb0.93Eu0.07-BDC-AC and Tb0.993Eu0.007-BDC-AC (Fig. 
46a and b) show the emission bands assigned to both TbIII and EuIII ions. Fig. 46a 
shows that even representing 7 mol% of the TbIII/EuIII mixture, the relative EuIII 
emission is more intense than the TbIII one. Reducing the EuIII part from 7 to 0.7 mol%, 
the emission assigned to TbIII becomes the most intense. It is important nothing that 
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comparing the spectra collected at 80 and 300 K (Fig. 46b), it is important to note the 
increase and decrease in EuIII and TbIII emissions respectively. Such result may be 
considered as an indication of TbIII to EuIII energy transfer in the system. 
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Fig. 46: (a) Normalized emission spectra of Tb0.93Eu0.07-BDC-AC monitored at 303 nm obtained at 80 K 
(black) and 300 K (red). (b) Normalized emission spectra of Tb0.993Eu0.007-BDC-AC at 80 K (dark) and at 
305 (red) upon excitation at 303 nm. 
 
The emission decay curves of the compounds Ln-DBC and Ln-DBC-AC (Ln = 
TbIII, EuIII) measured at 295 K (Fig. 47a and b) are single exponential decay functions 
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pointing to the uniqueness of the chemical ambient of the ions. The lifetime values are 
given insight to each figure. The fact that the emission lifetime values of the compounds 
Ln-BDC-AC are smaller in comparison to Ln-BDC suggests a quenching mechanism 
where the LnIII excited states are depopulated by the ligand AC probably via a Dexter-
energy transfer process. 
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Fig. 47: (a) Emission decay curves of Eu-BDC (black) and Eu-BDC-AC (red) exciting at 324 nm and 304 
nm respectively and monitoring at 616 nm and 615 nm respectively. (b) Photoluminescence decay 
curves of Tb-BDC (black) and Tb-BDC-AC (red) exciting at 320 nm and 304 nm respectively and 
monitoring at 545 nm and 546 nm respectively.  
108 
 
 
 
The luminescence decay curves of Tb0.93Eu0.07-BDC-AC and Tb0.993Eu0.007-
BDC-AC (Fig. 48a and b) show an rise time in the 5D0 EuIII population, thus indicating, 
one more time, the TbIII to EuIII energy transfer. 
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Fig. 48: (a) Emission decay curves of Tb0.93Eu0.07-BDC-AC upon excitation at 303 nm and monitoring at 
698 and 545 nm at the temperature of 80 and 300 K. (b)Photoluminescence decay curves of 
Tb0.993Eu0.007-BDC-AC upon excitation at 304 nm and monitoring at 698 and 545 nm at the temperature 
of 80 and 300 K. 
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4.7.4. Compounds based on the ligand H2BDC and Hacac 
The energy of the triplet level of the acac- anion is reported in the literature as 
25,310 cm−1 [130].  The photoluminescence spectra of all synthesized compounds are 
shown in Fig. 49. Monitoring on the TbIII emission at 546 nm or the EuIII emissions at 
615 nm and 698 nm (Fig. 49 a-c), the excitation spectra show a two-component band 
extended from 250 nm to 340 nm which may be assigned to π*←π electronic 
transitions in the  BDC2- and acac- ions. Similarly, to the compounds based on the 
ligand BDC2-, the maxima are centered at around 280 and 325 nm. The inversion in 
the relative intensities of two components comparing these excitation spectra to those 
in Fig. 43 obtained for Eu-BDC and Tb-BDC may be attributed to the presence of the 
acac- anion which is an excellent antenna for TbIII luminescence. In fact, for the 
compounds represented by Ln-BDC, the excitation spectra also show a band with two 
components. However, the component in the higher energy region is relatively more 
intense, exactly the contrary to the observation in Fig. 49 a-c. Even the acac-1 not being 
a good sensitizer for EuIII luminescence, the excitation spectra monitored on EuIII also 
show the lower energy component more intense indicating a TbIII to EuIII following the 
ligand excitation.   The peculiar behavior of the excitation spectrum of the compound 
Tb0.95Eu0.05acac0.95BDC1.025 may be due to a different orientation of the BDC2- 
improving and lessening respectively the energy transfer process between the binder 
BDC2- to TbIII and to EuIII, respectively. This result corroborates with the P-XRD data 
(Fig. 26 a) which shows that the compound Tb0.95Eu0.05acac0.95BDC1.025 is not 
isostructural to the other ones. Another proof of TbIII to EuIII energy transfer has been 
confirmed by the presence of the intra-configurational 5D4 ← 7F6 TbIII excitation (Fig. 
49c) monitoring the 5D0 → 7F4 emission band of EuIII.  As expected, the emission 
spectra exhibit emission characteristics of both TbIII and EuIII ions with an increase of 
EuIII emission as its relative fraction increases. 
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Fig. 49: Excitation spectra monitored at 545 nm (a), at 615 nm (b) and at 698 nm and emission spectra 
upon excitation at 325 nm (c) of the compound TbxEu1-xacacxBDC1.5-x/2 collected at room temperature (x 
= 0.99, 0.95, 0.93, 0.9, 0.85 and 0.75). 
 
The emission decay curves of the compounds TbxEu1-xacacxBDC1.5-x/2 (x = 0.99, 
0.95, 0.9, 0.85 and 0.75)  excited at 325 nm and monitoring the 5D0→7F4 EuIII and 
5D4→7F5 TbIII transitions respectively as shown in Fig. 50a and b. All curves were fitted 
by single exponential functions. The lifetime values are presented in Table 5.  
0 2 4 6 8
0 2 4 6 8
T = 293 K
N
or
m
. I
nt
en
si
ty
 
time / ms
TbxEu1-xacacxBDC1.5-x/2 (a)ex = 325 nm
em = 698 nm  x = 0.99
 x = 0.95
 x = 0.90
 x = 0.85
 x = 0.75
No
rm
. l
n(
In
te
ns
ity
)  
time / ms
 0 2 4 6 8
0 2 4 6 8
T = 293 K
N
or
m
. I
nt
en
si
ty
 
time / ms
TbxEu1-xacacxBDC1.5-x/2 (b)ex = 325 nm
em = 545 nm  x = 0.99
 x = 0.95
 x = 0.90
 x = 0.85
 x = 0.75
N
or
m
. l
n(
In
te
ns
ity
) 
time / ms
 
Fig. 50: Emission decay profiles of the compounds TbxEu1-xacacxBDC1.5-x/2 (x = 0.99, 0.95, 0.90, 0.85, 
0.75) at 295 K upon excitation at 320 nm and monitored the EuIII emission at 698 nm (a) and the TbIII 
emission at 545 nm (b). 
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Table 5: Emission lifetime values of the compounds TbxEu1-xacacxBDC1.5-x/2 (x = 0.99, 0.95, 0.90, 0.85, 
0.75) at 295 K 
X EuIII (698 nm) TbIII (545 nm) 
0.99 1.227 ± 0.001 0.874 ± 0.000 
0.95 0.927 ± 0.001 0.634± 0.000 
0.90 0.795 ± 0.001 0.730  ± 0.000 
0.85 0.755 ± 0.000 0.448 ± 0.000 
0.75 0.722 ± 0.001 0.508 ± 0.000 
4.8. Temperature-dependent photoluminescence properties 
4.8.1. Compounds based on the ligand (H3TCPMB) 
In order to establish their potential as luminescent thermometers, the 
temperature-dependent photoluminescence properties of Ln-TCPMB (Ln = EuIII, TbIII, 
and GdIII) and Tb0.95Eu0.05-TCPMB were investigated in terms of emission intensity 
variation once the emission lifetime values remain constant in the temperature range 
of 80 to 300K. As illustrated in Fig. 51a and Fig. 52a, upon excitation at 280 nm, the 
emission intensity of Eu-TCPMB and Tb-TCPMB decrease substantially in the 
temperature range 90 - 300 K,  which may be attributed to an increase in the rates and 
thermal activation of nonradiative-decay pathways with temperature increase including 
vibrational excitation and back-energy transfer (BET) [44]. Fig. 51b and Fig. 52b show 
the temperature-dependence of the area of the emission bands assigned to the 5D0 → 
7F2 and 5D4 → 7F5 transitions in Eu-TCPMB and Tb-TCPMB spectra, respectively. 
When compared at 90 K and 300 K, unexpectedly the emission intensities of Eu-
TCPMB and Tb-TCPMB decrease almost equally to the same fraction of the respective 
initial values (33% and 35%, respectively). This result suggests that the decrease in 
the Eu-TCPMB emission intensity is due mainly to nonradiative deactivation of the 
emitting level by the oscillators in the organic part. The thermal quenching process for 
achieving temperature sensing properties is dependent on the energy gap between 
the emitting level and the highest accepting level in 4f–4f transitions. Harmonic energy 
matching of the vibrational overtone of typical C–H or O–H vibrational frequency in EuIII 
containing complexes promotes effective vibrational relaxation [131]. The energy gap 
of 12,290 cm-1 between the 5D0 and 7F6 states is well-matched with the overtone of C–
H and O–H vibrational frequencies. Their effective overtone matching frequencies 
promote a decrease in the emission quantum yield, resulting in temperature-dependent 
luminescence. For Tb-TCPMB, besides the deactivation of the 5D4 by the oscillators, 
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the luminescence quenching is probably due mainly to a significative increase in the 
TbIII to ligand energy back-transfer with temperature increasing. The energy gap 
between the triplet state energy level of the ligand (26,316 cm-1) and the EuIII emitting 
level 5D0 (17,290 cm-1) in Eu-TCPMB is much larger than one between the triplet state 
energy level of the ligand and the TbIII emitting level 5D4 (20,500 cm-1) in Tb-TCPMB 
making more effective the nonradiative depopulation of 5D4 TbIII level by energy back 
transfer. In this case, the non-radiative deactivation of the exciting state by oscillator 
vibrations is less probable due to the fact that the energy gap of 14,800 cm-1 between 
the 5D4 and 7F0 in TbIII is larger, compared to EuIII, leading to reduction of the vibrational 
relaxation. Thus, in TbIII based complexes, the luminescence quenching by energy 
migration is the key factor to control the thermosensitive photophysical properties 
[132]. The green solid line in Fig. 51b is the temperature calibration curve between 90 
and 220 K, which shows a linear temperature emission intensity relationship with the 
relative sensitivity varying from 0.23 to 1.21% K-1 for Eu-TCPMB. For Tb-TCPMB, the 
relative sensitivity varies in the range 0.003 – 1.2% K-1.  
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Fig. 51: (a) Solid-state emission spectra of Eu-TCPMB recorded between 80 and 300 K upon excitation 
at 280 nm. (b) Temperature-dependent area of the band assigned to 5D0 → 7F2 transition of Eu-TCPMB 
(dark dot), the linear fit of the area of 5D0 → 7F2 transition versus temperature in the temperature of 90-
220 K, relative sensitivity versus temperature (blue). 
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Fig. 52: (a) Solid-state emission spectra of Tb-TCPMB recorded between 80 and 300 K upon excitation 
at 280 nm. (b) Temperature-dependent area of the band assigned to 5D4 → 7F5 transition of Tb-TCPMB 
(dark dot), relative sensitivity versus temperature (blue). 
 
 
The co-doped Tb0.95Eu0.05-TCPMB shows a similar profile of temperature-
dependent luminescence. In the emission spectrum of a TbIII / EuIII mixed compound, 
usually, the 5D0→7F2 EuIII emission band overlaps with the 5D4→7F3 TbIII transition. 
Thus, the intensity of the 5D0→7F2 transition is less indicated for being chosen as an 
experimental parameter to reflect luminescence changes in EuIII emission [82]. 
Therefore, in view of there being no overlap of the 5D0→7F4 transition with any TbIII 
transition, the correlation between temperature and emission intensity ratios was 
defined in terms of both 5D4→7F5 / 5D0→7F2 and 5D4→7F5 / 5D0→7F4  used as 
thermometric parameters (ITb / IEu). As illustrated in Fig. 53a and b, with the temperature 
increasing from 90 to 300 K, the areas of emission bands assigned to the 5D4→7F5 of 
the TbIII ion and to 5D0→7F2 and 5D0→7F4   of the EuIII ion decrease at the same rate 
(Fig. 53b). Consequently, Tb0.95Eu0.05-TCPMB is not reliable as a luminescent 
ratiometric thermal probe in this temperature range, once the TbIII/EuIII ratios (Fig. 53b) 
remain practically constant as shown in Fig. 53c.  
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Fig. 53: (a) Solid-state emission spectra of Tb0.95Eu0.05-TCPMB recorded between 80 and 300 K upon 
excitation at 280 nm. (b) Temperature-dependent area of the bands assigned to 5D4 → 7F5, 5D0 → 7F2 
and 5D0 → 7F4. (c) temperature dependence of the intensity ratio of TbIII to EuIII. 
 
Tb0.95Eu0.05-TCPMB was also tested as ratiometric probe for higher temperature 
using the Peltier and the Linkam accessories in the temperature ranges 278 – 348 K 
and 298 -393 K, respectively.  The results are presented in Fig. 54 and Fig. 55. Heating 
from 278 to near 340 K, the intensity ratios show no substantial variations corroborating 
thus, the result obtained with the cryostat (Fig. 53). In a narrow temperature (340 -350 
approximatively) the TbIII and EuIII show an abrupt drop and an increase, respectively 
resulting probably in the highest value of relative thermal sensitivity reported in the 
literature. Such behavior is probably due to the loss of water molecules as shown by 
the thermogravimetric curves and a substantial increase in the TbIII to EuIII energy 
transfer.  
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Fig. 54: (a) Temperature-dependent of Tb0.95Eu0.05-TCPMB  recorded between 278 and 348 K with the 
excitation wavelength fixed at 280 nm. (b) Corresponding temperature dependence of normalized ITb 
and IEu. (c) and (d) Corresponding temperature dependence of ITb /IEu. 
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Fig. 55: (a) Temperature-dependent of Tb0.95Eu0.05-TCPMB recorded between 298 and 393 K with the 
excitation wavelength fixed at 283 nm. (b) Corresponding temperature dependence of normalized ITb 
and IEu. (c) and (d) Corresponding temperature dependence of ITb / IEu. 
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Tb0.95Eu0.05-TCPMB  was also investigated as a thermal sensor under the laser 
excitation Upon laser excitation at 488 nm, the emission spectra collected in the range 
80 – 320 K are presented in  Fig. 56a.  Differently from the 5D0 → 7F4 band,  the intensity 
of the 5D0 → 7F2 EuIII shows a similar profile regarding the 5D4 → 7F5 TbIII (Fig. 56b) 
transition suggesting a considerable contribution of the 5D4 → 7F3 TbIII. The increase 
in the TbIII luminescence intensity between 80 and 140 K (Fig. 56b black curve) may 
be considered as an indication of the important role of the vibrational component in the 
direct excitation of the trivalent lanthanide. The 5D4 → 7F5 / 5D0 → 7F2  (Fig. 56c) and 
5D4 → 7F5 / 5D0 → 7F4 (Fig. 56d) intensity ratios indicate the range 80 – 200 K where 
the probe is potentially applicable. It is interesting to note the similarity between the 
5D0 → 7F4 band in Tb0.95Eu0.05-TCPMB  (Fig. 56a) and in Eu-TCPMB (Fig. 31) upon 
intra-configurational excitation at 488 and 393 nm respectively.  
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Fig. 56: (a) Temperature-dependent of Tb0.95Eu0.05-TCPMB recorded between 80 and 320 K with upon 
laser excitation at 488 nm. (b) Corresponding temperature dependence of normalized ITb and IEu. (c) and 
(d) Corresponding temperature dependence of ITb / IEu. 
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A scientific curiosity enables to investigate the GdIII containing isostructural 
coordination network which was prepared from a Gd(NO3)3 contaminated by TbIII and 
EuIII. As can be seen in Fig. 57a,  the emission spectra in the 80 – 210 K show the 
corresponding triplet broad emission and the f-f transitions of both optically active ions. 
The integrated intensities in the spectral ranges 370 – 536 nm, 536 – 558 nm and 
606 – 632 nm for the triplet ligand and 5D4 → 7F6 TbIII, 5D4 → 7F5 TbIII and 5D0 → 7F2 
EuIII emissions respectively as functions of the temperature are presented in Fig. 57b. 
With the temperature increasing, the triplet emission intensity decreases exponentially. 
The triplet emission intensity at 210 K represented only 5 % of the phosphorescence 
intensity at 80 K. In the cases of EuIII and TbIII, it was observed an intensity emission 
increasing by 48 % up 130 K where it starts decreasing. The EuIII and TbIII emission 
intensities at 210 K presented 74 and 65%, respectively, of the emission intensities at 
130 K. The temperature-dependence of the Itriplet / IEu and Itriplet / ITb (Fig. 57c-d) can be 
approximated by mono-exponential functions with correlation factor near 1 and here it 
is interesting to call attention to the fact that the relative thermal sensitivities values on 
the whole temperature range vary on the ranges 1.2 – 4.4% K-1 and 0.8 – 2.8% K-1 for 
Itriplet / IEu and Itriplet / ITb, respectively. Finally, the ITb /IEu ratio versus the temperature 
(Fig. 57e) shows only slight variations between 1.4 and 1.6 corroborating thus the 
result obtained for Tb0.95Eu0.05-TCPMPB in the temperature range 80 – 300 K (Fig. 53c). 
It is worth noting that, by allowing the combination of the three basic colors provided 
by the ligand blue emission and the red and green emissions of EuIII and TbIII, 
respectively, these compounds may be a simple alternative to attempt almost any 
color, including white emission, by an intelligent variation  of the molar ratios of the 
lanthanide salts used as precursors in the synthesis. 
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Fig. 57: (a) Temperature-dependent of Gd-TCPMB recorded between 80 and 210 K with the excitation 
wavelength fixed at 286 nm. (b) Temperature dependence of the integrated intensities in the spectral 
range of the triplet and the 5D4 →7F5 and 5D0 →7F2 emissions. Temperature dependence of the Itriplet / IEu 
(c), Itriplet / ITb (d) and ITb / IEu (e). 
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4.8.2. Compounds based on the ligand (H6TDCPMB) 
The temperature-dependent photophysical properties of the coordination 
polymers constructed from the ligand H6TDCPMB were investigated in terms of 
emission intensity and, in the case of Gd1.5Tb0.4Eu0.1-TDCPMB, also in terms of 
emission lifetime. Firstly, to investigate the temperature-dependence of the TbIII and 
EuIII ions diluted in a GdIII-based matrix, photoluminescent spectra of the compounds 
Gd1.9Ln0.1-TDCPMB (Ln = EuIII and TbIII) were recorded in the temperature range 77 –
300 K (Fig. 58a and b). 
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Fig. 58: Emission spectra of Gd1.9Eu0.1-TDCPMB (a) and Gd1.9Tb0.1-TDCPMB (b) recorded between 77 
K and 300 K upon excitation at 275 nm and 280 nm, respectively.  
 
Fig. 59a and b show the integrated areas of the emission bands assigned to the 
5D0 →7F2 (IEu) and 5D4 → 7F5 (ITb) transitions in Gd1.9Eu0.1-TDCPMB and Gd1.9Tb0.1-
TDCPMB, respectively. In both cases, the luminescence intensity of the optically active 
ions decreases substantially with the temperature increase which indicates an effective 
activation of the nonradiative deactivation pathways on the emitting states of both ions 
[6]. The emission intensities of EuIII and TbIII decrease to 31% and 41% of their initial 
values, respectively, as the temperature increases from 77 to 300 K demonstrating that 
the luminescence of both compounds is temperature-sensitive.  The difference in the 
intensity decrease can be explained in two ways: firstly it can be assigned to the fact 
that, in comparison to the 5D4 TbIII emitting state, the emitting state 5D0  of EuIII is more 
susceptible to be quenching by structural oscillator [133].  Alternatively, the energy 
difference of 8,620 cm-1 between the triplet state of the ligand H6TDCPMB (25,510 
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cm-1) and the EuIII emitting level 5D0 (17,290 cm-1) in Gd1.9Eu0.1TDCPMB is larger than 
that of the 5,010 cm-1 in the case of TbIII in Gd1.9Tb0.1TDCPMB  making more effective 
the ligand to TbIII  energy transfer process with temperature increasing. It is important 
nothing that for the central ions, the luminescence decreases with the temperature 
following a near linear profile with the sensitivity values varying from 0.17 to 11.20 and 
from 0 to 1.24% K-1 for  Gd1.9Eu0.1TDCPMB and Gd1.9Tb0.1TDCPMB, respectively 
probably because the susceptibility of the 5D0 EuIII to be deactivated by C-H vibrations.  
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Fig. 59: Relative thermal sensitivities and temperature-dependent of the areas of the bands assigned to  
the 5D0 → 7F2 and 5D4 → 7F5 transitions  for Gd1.9Eu0.1-TDCPMB (a) and Gd1.9Tb0.1-TDCPMB (b) between 
77 and 300 K 
 
4.8.2.1. Ratiometric thermometers based on the  Gd1.6-xTb0.4Eux-TDCPMB, x = 
0.1, 0.2, 0.3, 0.4, 0.5) mixed Ln-Cps      
The temperature-dependence of the luminescence shown by the compounds 
Gd1.9Eu0.1TDCPMB and Gd1.9Tb0.1TDCPMB suggest that the GdIII / TbIII / EuIII 
contained coordination polymers may be potentially used as ratiometric luminescent 
thermometers. Thus, amounts of EuIII ions were inserted in a Gd-CP with 20 % of TbIII 
to obtain the multicenter systems (Gd1.6-xTb0.4EuxTDCPMB, x = 0.1, 0.2, 0.3, 0.4, 0.5). 
Their temperature-dependent photoluminescence was recorded in the temperature 
ranges 77 - 300 K and 273 - 373 K using the liquid nitrogen VNF-100 Cryostat and the 
F-3004 Peltier Sample Cooler accessories, respectively. As expected, emission 
spectra of all ternary systems upon excitation in the broad band show emission bands 
characteristic of both EuIII and TbIII ions. In the investigation of their potential as 
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ratiometric thermal probes, we started with Gd1.5Tb0.4Eu0.1-TDCPMB. Although the 
excitation spectra of the Tb / Eu mixed compounds exhibit the maxima at 275 nm, the 
shoulder in the excitation spectrum of Tb-TDCPMB comparing to Eu-TDCPMB (Fig. 
40) encouraged us to study the behavior of the emission intensity of the multicenter 
systems upon excitation in the region where the ligand to TbIII ions energy transfer is 
better than to EuIII ones. In this case, we expected that being mainly due to an energy 
transfer from TbIII, the luminescence of EuIII should increase as the temperature 
increases while the TbIII emission intensity decreases. Such behavior should result in 
high-sensitive thermometer. The temperature-dependence of the photoluminescence 
of Gd1.5Tb0.4Eu0.1  upon excitation at 330 nm collected in the range 77–300 K in terms 
of emission intensity is shown in Fig. 60a. Contrary to our expectative, both EuIII and 
TbIII emission intensity show the same decrease rate in the range 77-300 K (Fig. 60b). 
Similarly to the observed of the compounds Gd1.9Ln0.1-TDCPMB, the luminescence 
intensity at 300 K is about 40 % of the initial value at 77 K. Therefore, Gd1.5Tb0.4Eu0.1 
is not a reliable ratiometric luminescent thermal sensor in these conditions. 
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Fig. 60: (a) Temperature-dependent of Gd1.5Tb0.4Eu0.1-TDCPMB recorded between 77 and 300 K with 
the excitation wavelength at 330 nm. (b) Corresponding temperature dependence of normalized ITb and 
IEu.  
Excited at 275 nm (maximum of the excitation band), the luminescence owing 
from both EuIII and TbIII ions, between 77 K and 300 K, show a similar decrease rate 
up to 137 K where the TbIII emission decrease becomes more quickly than EuIII 
emission probably due to an improvement of the TbIII to EuIII energy transfer as the 
temperature increases. Such a statement should be supported by the fact that in the 
compounds Gd1.9Ln0.1-TDCPMB, the temperature increasing affects more effectively 
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the intensity of EuIII ions. The temperature and the 5D4→7F5 / 5D0→7F2 and 5D4→7F5 / 
5D0→7F4  intensity ratios (Fig. 61 c and d) are linearly related with the relative thermal 
sensitivity ranging from 0.05 to 0.94% K-1 and 0.00 to 0.48% K-1 respectively. The 
absolute sensitivity values were estimated to be 0.3 and 1.1% K-1 considering, as 
thermographic parameter, the intensity ratios 5D4→7F5 / 5D0→7F2  and 5D4→7F5 / 
5D0→7F4, respectively.    
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Fig. 61: (a) Temperature-dependent of Gd1.5Tb0.4Eu0.1-TDCPMB recorded between 77 and 300 K with 
the excitation wavelength at 275 nm. (b) Corresponding temperature dependence of normalized ITb and 
IEu. (c e d) Corresponding temperature dependence of ITb/IEu . 
 
The variation profile of the emission intensity of both ions with the temperature 
encourages us to investigate the potential of Gd1.5Tb0.4Eu0.1 for high-temperature 
sensing. Fig. 61a shows the photoluminescence of Gd1.5Tb0.4Eu0.1-TDCPMB excited 
at 275 nm, between 273 -373 K. As the temperature increases,  the TbIII emission 
decreases in higher rate, probably due to a TbIII  to EuIII energy transfer [92] or / and 
an increase in the TbIII to ligand back- energy migration with the temperature increasing 
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as suggested previously. Interestingly, the intensity ratios as functions of the 
temperature show a very good linear relationship, which can be fitted as linear 
functions with correlation coefficients R2 higher than 0.99 and the relative sensitivity 
between 0.40 and 0.90%  K-1 (Fig. 62 (c and d)). Furthermore, as can be seen in Fig. 
62 c and d, the absolute sensitivities of 1.4 and 4.9% K-1 are higher than the values 
obtained in the temperature range of 77 – 300 K. Thus, those plots suggest that 
Gd1.5Tb0.4Eu0.1-TDCPMB is promising as probes in luminescent thermometers for high-
temperature sensing. 
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Fig. 62: (a) Temperature-dependent of Gd1.5Tb0.4Eu0.1-TDCPMB recorded between 273 and 373 K with 
the excitation wavelength at 275 nm. (b) Corresponding temperature dependence of normalized ITb and 
IEu. (c and d) Corresponding temperature dependence of ITb / IEu . 
 
To better understand the effect of the temperature on the energy-transfer 
process occurring in Gd1.5Tb0.4Eu0.1-TDCPMB,  the emission lifetime measurement 
was performed in both temperature ranges 77 - 300K and 273 - 373K as shown in Fig. 
63a-b and Fig. 64a-b respectively. The emission lifetime values are listed in Table 6 
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and Table 7. The emission decay curves of both TbIII or EuIII ions were better fitted by 
biexponential functions. As can be seen in Fig. 63 (a), the emission lifetimes of EuIII 
remain practically constant, whereas, the TbIII emission lifetime decreases slightly as 
the temperature increases. This phenomenon suggests that in the range of 77 – 300 
K, the energy transfer rate from ligand to EuIII is not influenced by temperature 
variations but the TbIII to ligand back-energy transfer rate increase as the temperature 
increases. 
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Fig. 63: Emission decay curves of Gd1.5Tb0.4Eu0.1-TDCPMB excited at 275 nm and monitoring at 615 
nm (a) and 543 nm (b) and variation profile of the luminescence lifetime values (c)  between 80 and 300 
K. 
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Table 6: Temperature-dependence luminescent decay times () of Gd1.5Tb0.4Eu0.1l 
monitored at 543 nm and 615 nm in the temperature range of 77 - 300 K. 
 
Temperature 
(K) 
decay time / ms  
1Eu 2Eu 1Tb 2Tb
80 
90 
100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
280 
290 
300 
0.45 
0.47 
0.45 
0.46 
0.46 
0.45 
0.46 
0.45 
0.46 
0.47 
0.45 
0.46 
0.46 
0.46 
0.45 
0.45 
0.45 
0.44 
0.45 
0.45 
0.46 
0.45 
0.46 
1.32 
1.38 
1.33 
1.35 
1.35 
1.32 
1.34 
1.32 
1.34 
1.39 
1.32 
1.34 
1.36 
1.35 
1.32 
1.36 
1.33 
1.30 
1.32 
1.31 
1.38 
1.34 
1.36 
0.21 
0.20 
0.20 
0.20 
0.19 
0.19 
0.19 
0.18 
0.19 
0.18 
0.17 
0.18 
0.17 
0.17 
0.17 
0.18 
0.16 
0.16 
0.16 
0.15 
0.16 
0.16 
0.16 
1.01 
1.00 
0.99 
1.00 
0.98 
0.98 
0.97 
0.96 
0.96 
0.96 
0.95 
0.95 
0.93 
0.94 
0.93 
0.94 
0.92 
0.92 
0.92 
0.92 
0.93 
0.93 
0.95 
 
By varying the temperature between 273 and 373 K, the EuIII emission lifetime 
decreases until 323 K probably due to the thermal activation of nonradiative 
deactivation pathways [6].  The increase in the lifetime values after 323 K indicates a 
better effectivity of the ligand to EuIII energy transfer. 
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Fig. 64: Emission decay curves of Gd1.5Tb0.4Eu0.1-TDCPMB upon excitation at 275 nm and monitoring 
at 615 nm (a) and 543 nm (b) and variation profile of the luminescence lifetime values (c)  between 273 
and 373 K. 
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Table 7: Temperature-dependence emission lifetimes () of Gd1.5Tb0.4Eu0.1l-TDCPMBmonitored at 543 
nm and 614 nm in the temperature range of 273 to 373 K 
 
Temperature 
(K) 
Decay time (ms)  
1Eu 2Eu 1Tb 2Tb
273 0.67 1.98 0.25 1.16 
283 0.65 1.94 0.25 1.16 
293 0.61 1.80 0.26 1.15 
303 0.58 1.77 0.26 1.12 
313 0.56 1.7 0.24 1.10 
323 0.53 1.61 0.22 1.10 
333 0.54 1.60 0.23 1.10 
343 0.56 1.71 0.23 1.10 
353 0.56 1.69 0.22 1.10 
363 0.59 1.71 0.22 1.12 
373  0.62 1.76 0.21 1.12 
 
The temperature sensing properties of all other H6TDCPMB-based co-doped 
CPs were investigated in terms of emission intensity ratio. Fig. 65 a-d and Fig. 66 a-d 
show the investigation of the potential of Gd1.3Tb0.4Eu0.3-TDCPMB as a self-referencing 
luminescent thermometer in the temperature ranges of 77-300 K and 273 – 373 K, 
respectively. As can be seen in Fig. 65b, with temperature increasing from 100 to 300 
K, the emission intensity of TbIII decreases while increases the  EuIII emission intensity. 
The plots of the emission intensity ratios 5D4→7F5 / 5D0→7F2 and 5D4→7F5 / 5D0→7F4 
as functions of the temperature (Fig. 65c and Fig. 65d, respectively) have been fitted 
by linear functions with a coefficient correlation R2 of 0.99 and absolute thermal 
sensitivities of 0.17 and 0.56% K-1 respectively. The correlation coefficient suggests 
Gd1.3Tb0.4Eu0.3-TDCPMB as um accurate self-referenced optical thermal probe in the 
temperature 100 – 300 K. However, in the investigation carried out in the range 278 – 
373 K, the ITb/IEu ratio shows an increase in the temperature range up to 300 K, thus 
an opposite behavior regarding to the observed when the study was carried out in the 
range 77 – 300 K. The self-calibrated ratiometric parameters ITb/IEu  and temperature 
relationships were fitted by linear functions with correlation coefficient R2 near unity 
(Fig. 66 c-d) in the temperature ranging from 323 to 373 K. The measurements realized 
for the CPs Gd1.2Tb0.4Eu0.4-TDCPMB and Gd1.1Tb0.4Eu0.5-TDCPMB are exhibited in 
Fig. 67-70. In general, it was observed that the variations of the emission intensities 
and consequently the emission intensity ratios are strongly dependent on the molar 
fractions of the trivalent lanthanide ions in the co-dopped systems. Relatively low 
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values were obtained for the thermal sensitivities as a consequence of the fact that 
emission intensities of both EuIII and TbIII decrease simultaneously as the temperature 
increases.   
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Fig. 65: (a) Temperature-dependent of Gd1.3Tb0.4Eu0.3-TDCPMB recorded between 77 and 300 K with 
the excitation wavelength at 275 nm. (b) Corresponding temperature dependence of normalized ITb and 
IEu. (c) Corresponding temperature dependence of ITb / IEu . 
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Fig. 66: (a) Temperature-dependent of Gd1.3Tb0.4Eu0.3-TDCPMB recorded between 278 and 373 K 
with the excitation wavelength at 275 nm. (b) Corresponding temperature dependence of normalized ITb 
and IEu. (c) Corresponding temperature dependence of ITb / IEu . 
129 
 
 
 
500 550 600 650 700
100
150
200
250
300
7F6
Te
mp
era
tur
e (
K)
Wavelength (nm)
In
te
ns
ity
 (a
.u
.)
Gd1.2Tb0.4Eu0.4-TDCPMB
ex = 275 nm
5D4
7F5
5D4
7F2
5D0
7F4
5D0
(a)
 
100 150 200 250 300
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
(b)Gd1.2Tb0.4Eu0.4-TDCPMB
N
or
m
. I
nt
en
si
ty
Temperature (K)
 A(5D4 ®7F5)
  A(5D0 ®7F2)
  A(5D0 ®7F4)
 
100 150 200 250 300
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.2
0.4
0.6
0.8
1.0
(c)Gd1.2Tb0.4Eu0.4-TDCPMB
 I T
b /
 I E
u
 A(5D4®7F5) / A(5D0 ®7F2)
 Linear Fit
Temperature / K
ITb / IEu = 0.797 - 0.0013T
R2 = 0.990
Se
ns
is
iti
vi
ty
 (%
 K
-1
)
 100 150 200 250 300
0.8
1.0
1.2
1.4
1.6
1.8
0.0
0.2
0.4
0.6
0.8
(d)Gd1.2Tb0.4Eu0.4-TDCPMB
 I T
b /
 I E
u
 A(5D4®7F5) / A(5D0 ®7F4)
 Linear Fit
Temperature / K
ITb / IEu = 2.03 - 0.0036T
R2 = 0.983
Se
ns
is
iti
vi
ty
 ( %
 K
-1
)
 
Fig. 67: (a) Temperature-dependent of Gd1.2Tb0.4Eu0.4-TDCPMB recorded between 77 and 320 K with 
the excitation wavelength at 275 nm. (b) Corresponding temperature dependence of normalized ITb and 
IEu. (c) Corresponding temperature dependence of ITb / IEu . 
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Fig. 68: (a) Temperature-dependent of Gd1.1Tb0.4Eu0.5-TDCPMB  recorded between 77 and 320 K with 
the excitation wavelength at 275 nm. (b) Corresponding temperature dependence of normalized ITb and 
IEu. (c) and (d)Corresponding temperature dependence of ITb / IEu . 
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Fig. 69: (a) Temperature-dependent of Gd1.2Tb0.4Eu0.4-TDCPMB  recorded between 278 and 348 K with 
the excitation wavelength at 275 nm. (b) Corresponding temperature dependence of normalized ITb and 
IEu. (c) and (d)Corresponding temperature dependence of ITb / IEu 
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Fig. 70: (a) Temperature-dependent of Gd1.1Tb0.4Eu0.5-TDCPMB recorded between 278 and 345 K with 
the excitation wavelength at 280 nm. (b) Corresponding temperature dependence of normalized ITb and 
IEu. (c) and (d)Corresponding temperature dependence of ITb /IEu. 
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4.8.3. Compounds based on the ligand H2BDC and HAC 
Temperature-dependent photoluminescence was investigated for both 
compounds Tb0.93Eu0.07-BDC-AC and Tb0.993Eu0.007-BDC-AC. Tb0.93Eu0.07-BDC-AC 
exhibits a significantly different temperature-dependent luminescence behavior with 
respect to the emissions of EuIII and TbIII ions.  With the increase in temperature from 
80 to 300 K, the intensity of the TbIII emission band assigned to the 5D4 → 7F5  transition 
decreases progressively by about 72%. The intensities of the EuIII  emission bands 
attributed to the transitions 5D0 → 7F2 and 5D0 → 7F4 increase slightly by about 3% in 
the temperature range 80 – 155 K (Fig. 71b). However, between 155 and 300 K, the 
emissions from EuIII starts decreasing to about 30%. Such results suggest the 
occurrence of energy transfer from TbIII to EuIII but also an effective non-radiative 
deactivation of the emitting states by thermal activation. As depicted in Fig. 71a-d, the 
temperature can be readily correlated to the emission intensity ratios (ITb / IEu). In 
particular, it shows a linear relationship with temperature from 80 to 180 K with 
correlation factor near unity and relative thermal sensitivities ranging from 0.1 to 0.6% 
K-1 proving the potential of Tb0.93Eu0.07-BDC-AC as a ratiometric probe for low-
temperature sensing.  
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Fig. 71: (a) Solid-state emission spectra of Tb0.93Eu0.07-BDC-AC recorded between 80 -300 K. (b) 
Temperature-dependent areas of the 5D0 → 7F2, 5D0 → 7F4 and 5D4 → 7F5    transitions. (c and d) 
Temperature-dependent intensity ratio 5D4 → 7F5 / 5D0 → 7F2 and 5D4 → 7F5 / 5D0 → 7F4 between 80 and 
300 K. 
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The significantly temperature-dependent luminescence behaviors of both TbIII 
and EuIII in Tb0.93Eu0.07-BDC-AC enable us to investigate the performance as a 
ratiometric thermal of Tb0.993Eu0.007-BDC-AC. The temperature-dependence of the 
photoluminescence, the variations of the areas of the 5D0 → 7F2, 5D0 → 7F4, and 5D4 → 
7F5 transition bands, and the intensity ratios are shown in Fig. 72.  As can be seen in 
Fig. 72b, the variations of the emission intensities are different compared to 
Tb0.93Eu0.07-BDC-AC indicating a significant change in the rates of energy migration 
processes. The linear correlation between temperature and intensity ratios extends 
over a large temperature range in comparison to Tb0.93Eu0.07, however with lower 
values of the relative sensitivity which ranges between 0.1 and 0.36% K-1. It is 
important to detach the higher value of absolute sensitivity (4.8%) when the 
thermographic parameter is defined as the ratio between the 5D0 → 7F4 EuIII and 
5D4 → 7F5 TbIII emissions. 
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Fig. 72: (a) Solid-state emission spectra of Tb0.993Eu0.007-BDC-AC recorded between 80 -305 K. (b) 
Temperature-dependent areas of the 5D0 → 7F2, 5D0 → 7F4 and 5D4 → 7F5    transitions. (c and d) 
Temperature-dependent intensity ratio 5D4 → 7F5 / 5D0 → 7F2 and 5D4 → 7F5 / 5D0 → 7F4 between 80 and 
305 K. 
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4.8.4. Compounds based on the ligand H2BDC and Hacac 
 
The temperature-dependent photophysical properties were investigated for all 
compounds represented by TbxEu1-xacacxBDC1.5-x/2 in terms of intensity. The 
temperature dependence of the emission spectra recorded between 80 and 300 K, the 
integrated intensities of the 5D4→7F5 (TbIII), 5D0→7F2 (EuIII) and 5D0→7F4 (EuIII) and the 
intensity ratios are shown in Fig. 73 - Fig. 77 for x = 0.99, 0.95, 0.90, 0.85 and 0.75, 
respectively. The temperature dependences of the luminescence intensities of both 
TbIII and EuIII exhibit different behaviors as their relative fractions change indicating a 
dependence of ions-ions energy transfer rates with the relative molar fractions.  
Another important fact to be noted is the significant temperature-dependent behavior 
of the 5D0 → 7F2 and 5D0 → 7F4 EuIII transitions.   Such discrepancy which decreases 
as the EuIII fraction increases may be explained considering the TbIII emission at 621 
nm whose is more important where EuIII is in smaller fractions.  In general, for all mixed 
compounds, the EuIII emission intensity increases while that of TbIII decreases with the 
temperature increasing. Such a fact may be interpreted as an indication of an energy 
migration from the TbIII to EuIII ions, probably, based on the phonon-assisted Förster 
energy transfer mechanism [134]. The energy gaps of 4,800 and 2,700 cm-1 
respectively, between the TbIII emitting level 5D4 and the excited triplet states of the 
ligands acac- and BDC2- respectively, suggest that the quenching of the TbIII 
luminescence with increasing temperature may be partly assigned to a TbIII to BDC2- 
energy back-transfer.  
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Fig. 73: (a) Emission spectra of Tb0.99Eu0.01acac0.99BDC1.005 recorded between 80 and 300 K upon 
excitation at 320 nm. (b) temperature dependence of the normalized integrated intensities of the 5D4 → 
7F5, 5D0 → 7F2  and 5D0 → 7F4 (c) and (d) Temperature dependence of the integrated intensity ratio of 
TbIII and EuIII.  The green and the blue curves represent the linear fitting of the intensity ratios and the 
relative sensitivities respectively.  
500 550 600 650 700
100
150
200
250
300
350
Te
mp
era
tur
e /
 K
Wavelength / nm
In
te
ns
ity
 / 
a.
u.
Tb0.95Eu0.05-acac0.95BDC1.025
ex = 320 nm
(a)
 100 150 200 250 300
0.4
0.5
0.6
0.7
0.8
0.9
1.0
(b)Tb0.95Eu0.05acac0.95BDC1.025
N
or
m
. I
nt
en
si
ty
Temperature / K
 A(5D4 ®7F5)
  A(5D0 ®7F2)
  A(5D0 ®7F4)
 
100 150 200 250 300
1.8
2.0
2.2
2.4
2.6
2.8
0.00
0.05
0.10
0.15
0.20
0.25
(c)Tb0.95Eu0.05-acac0.95BDC1.025
 linear fit
 A(5D4®7F5) / A(5D0 ®7F2)
 I T
b /
 I E
u
Temperature / K
R2 = 0.996
ITb / IEu = 3.19 - 0.0049T Se
ns
is
iti
vi
ty
 (%
 K
-1
)
 100 150 200 250 300
8
10
12
14
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35(d)
 linear fit
Tb0.95Eu0.05-acac0.95BDC1.025
 A(5D4®7F5) / A(5D0 ®7F4)
I Tb
 / 
I E
u
Temperature / K
R2 = 0.987
ITb / IEu = 15.97 - 0.031T Se
ns
is
iti
vi
ty
 (%
 K
-1
)
 
Fig. 74: (a) Emission spectra of Tb0.95Eu0.05acac0.95BDC1.025 recorded between 80 and 300 K upon 
excitation at 320 nm. (b) temperature dependence of the normalized integrated intensities of the 5D4 → 
7F5, 5D0 → 7F2  and 5D0 → 7F4 (c) and (d) Temperature dependence of the integrated intensity ratio of 
TbIII and EuIII.  The green and the blue curves represent the linear fitting of the intensity ratios and the 
relative sensitivities respectively. 
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Fig. 75: (a) Emission spectra of Tb0.90Eu0.1acac0.90BDC1.05 recorded between 80 and 300 K upon 
excitation at 320 nm. (b) temperature dependence of the normalized integrated intensities of the 5D4 → 
7F5, 5D0 → 7F2  and 5D0 → 7F4 (c) and (d) Temperature dependence of the integrated intensity ratio of 
TbIII and EuIII.  The green and the blue curves represent the linear fitting of the intensity ratios and the 
relative sensitivities respectively. 
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Fig. 76: (a) Emission spectra of Tb0.85Eu0.15acac0.90BDC1.05 recorded between 80 and 300 K upon 
excitation at 320 nm. (b) temperature dependence of the normalized integrated intensities of the 5D4 → 
7F5, 5D0 → 7F2  and 5D0 → 7F4 (c) and (d) Temperature dependence of the integrated intensity ratio of 
TbIII and EuIII.  The green and the blue curves represent the linear fitting of the intensity ratios and the 
relative sensitivities respectively. 
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Fig. 77: (a) Emission spectra of Tb0.75Eu0.25acac0.75BDC1.125 recorded between 80 and 300 K upon 
excitation at 320 nm. (b) temperature dependence of the normalized integrated intensities of the 5D4 → 
7F5, 5D0 → 7F2  and 5D0 → 7F4 (c) and (d) Temperature dependence of the integrated intensity ratio of 
TbIII and EuIII.  The green and the blue curves represent the linear fitting of the intensity ratios and the 
relative sensitivities respectively. 
 
It is worth noting that, for all investigated compounds, the temperature can be 
readily correlated to the emission intensity ratios 5D4 → 7F5  / 5D0 → 7F2   and 5D4 → 7F5  
/ 5D0 → 7F2 in the whole temperature range of 80 – 280 K with interesting sensing 
performance quantified by the absolute thermal sensitivities values. Considering the 
5D4 → 7F5  / 5D0 → 7F2   intensity ratio, the absolute thermal sensitivity values obtained 
for x = 0.99; 0.95; 0.90; 0.85 and 0.75 were: 0.43, 0.49, 0.52, 0.35, 1.5% K-1, 
respectively and when based on the 5D4 → 7F5  /  5D0 → 7F2 the Sa values were 
determined to be: 21, 3.1, 45, 1.6, 10% K-1, respectively. These values are much larger 
than the 0.14 obtained for Tb0.99Eu0.01(BDC)1.5(H2O)2 investigated as a luminescent 
thermometer in the physiological range (300 – 320 K) [84].  Furthermore, the maxima 
relative thermal sensitivity values (Table 8) are, in general, much higher than the 0.14% 
K-1 reported for Tb0.99Eu0.01(BDC)1.5(H2O)2 comparable to the estimated one  for 
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Tb0.99Eu0.01acac0.99BDC1.005 varying up  to 0.11 % K-1 and 0.5% K-1 for 5D4 → 7F5  / 5D0 
→ 7F2 and 5D4 → 7F5  / 5D0 → 7F4, respectively. The fact that the temperature can be 
linearly related to the intensity ratio and the relatively high values of absolute 
sensitivities considering the fitting curves suggest these compounds are promising as 
ratiometric temperature probes. 
 To make easier the comparison between all the investigated systems, their 
operating range, absolute and maximum relative thermal sensitivities are compilated 
in Table 8. 
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Table 8: Composition, working ranges, absolute sensitivity values (Sa) and maximum relative sensitivity values (max Sr) of the CPs studied as ratiometric thermal 
probes. 
Ligand CPs Range / K Sa / %K-1 Max Sr / %K-1 TMaxSr / K ITb / IEu 
H3TCPMB Tb0.95Eu0.05-TCPMB 
333-348 17.00 14.8 
348 
5D4→7F5 / 5D0 →7F2 
165.90 21.1 5D4→7F5 / 5D0 →7F4 
338-348 27.2 41.60 
5D4→7F5 / 5D0 →7F2 
152.00 55.70 5D4→7F5 / 5D0 →7F4 
H6TDCPMB 
Gd1.5Tb0.4Eu0.1-TDCPMB 
97- 287 0.30 0.94 300 5D4→7F5 / 5D0 →7F2 
107-300 1.10 0.38 197 5D4→7F5 / 5D0 →7F4 
293-373 1.40 0.98 343 
5D4→7F5 / 5D0 →7F2 
273-373 4.90 0.87 5D4→7F5 / 5D0 →7F4 
Gd1.3Tb0.4Eu0.3-TDCPMB 
90-300 0.17 0.48 80 
5D4→7F5 / 5D0 →7F2 
100-300 0.56 0.84 5D4→7F5 / 5D0 →7F4 
283-308 0.61 1.68 293 5D4→7F5 / 5D0 →7F2 
323-373 0.40 1.97 373 
5D4→7F5 / 5D0 →7F2 
328-373 1.30 1.82 5D4→7F5 / 5D0 →7F4 
Gd1.2Tb0.4Eu0.4-TDCPMB 
80-305 0.13 1.00 320 
5D4→7F5 / 5D0 →7F2 
0.36 0.90 5D4→7F5 / 5D0 →7F4 
308-343 0.32 3.00 348 
5D4→7F5 / 5D0 →7F2 
318-343 1.12 2.52 5D4→7F5 / 5D0 →7F4 
Gd1.1Tb0.4Eu0.5-TDCPMB 95-320 0.08 0.81 80 
5D4→7F5 / 5D0 →7F2 
0.20 0.90 5D4→7F5 / 5D0 →7F4 
H2BDC / HAC 
Tb0.93Eu0.07-BDC-AC 80-180 0.21 0.55 155 
5D4→7F5 / 5D0 →7F2 
0.65 0.56 5D4→7F5 / 5D0 →7F4 
Tb0.993Eu0.007-BDC-AC 105-255 0.62 0.23 205 
5D4→7F5 / 5D0 →7F2 
105-230 4.8 0.36 155 5D4→7F5 / 5D0 →7F4 
H2BDC / Hacac 
X = 0.99 100-300 0.43 0.11 200 
5D4→7F5 / 5D0 →7F2 
120-300 21 0.50 120 5D4→7F5 / 5D0 →7F4 
X = 0.95 80-280 0.49 0.23 220 
5D4→7F5 / 5D0 →7F2 
3.10 0.34 160 5D4→7F5 / 5D0 →7F4 
X = 0.90 80-280 0.53 0.19 160 
5D4→7F5 / 5D0 →7F2 
45 0.35 160 and 260 5D4→7F5 / 5D0 →7F4 
X = 0.85 80-260 0.35 0.32 200 
5D4→7F5 / 5D0 →7F2 
80-240 1.6 0.37 140 5D4→7F5 / 5D0 →7F4 
X = 0.75 80-280 1.5 0.20 140 
5D4→7F5 / 5D0 →7F2 
80-260 1.0 0.21 160 5D4→7F5 / 5D0 →7F4 
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5. Conclusions  
In summary, a series of new mixed lanthanide-containing coordination polymers 
were synthesized, by solvothermal and precipitation method, basing of the co-doping 
approach and tested as ratiometric luminescent probes for temperature sensing. The 
compounds built by combining lanthanide cations with H3TCPMB, under solvothermal 
conditions, were proven to share the same crystalline structure with remarkable 
structural and luminescence properties including temperature-independent 
luminescence lifetime in the temperature range 77 – 300 K. For Eu-TCPMB, the ligand 
to EuIII energy migration is unexpectedly less effective with temperature increase and 
it was observed that the luminescence lifetimes of all Ln-TCPMB compounds are 
temperature independent in the temperature range 77 – 300 K which might be the 
grounds for another research, such as preparation of Yb / Er CPs for up-conversion 
study and to develop nanothermometers for bio-applications and nanomedicine: 
Nanostructures whose emission and absorption bands lie within the so-called 
biological windows (650 – 950 nm and 1000 –1350 nm) where tissue scattering and 
absorption are minimized. The solvothermal method using NaOH was identified as a 
promising way to obtain H6TDCPMB in a crystalline phase.  Compounds synthesized 
from the H2BDC / Hacac and H2DBC / HAC-mixed ligands excepted for x = 0.95 in the 
former case are isostructural. The spectroscopy study of the compounds shows that 
the efficiency ligand to lanthanide energy transfer depends strongly on the complex 
geometry and structure. Except for the ones based only on the HAC ligand, all 
compounds show intense lanthanide-centered luminescence bands because of the 
excellent light-harvesting used linkers a large π-conjugated system, an efficient energy 
transfer to TbIII and EuIII. The different temperature-dependent photoluminescence 
behaviors between TbIII and EuIII within the same compound enable many of the 
prepared systems to be applicable for self-referencing temperature. Owing to the 
higher triplet state energy of the H6TDCPMB ligand, the ternary mixed Ln-CPs exhibit 
a sensitive response to temperature in wide ranges making them promising 
luminescence as ratiometric temperature sensors. The use of mixed-ligand systems to 
improve the temperature-sensing properties provides a new strategy to explore 
lanthanide-based coordination polymers in the luminescence-based thermometry. For 
all investigated systems, it was observed that the temperature-dependence of the 
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emission intensity ratios is due not only to the thermal relaxation process but also to 
the different energy migration processes. As shown in the text, the design and 
construction of mixed lanthanide-based coordination polymers approach have opened 
up a new interesting strategy for designing dual-emitting for temperature sensing. 
Although in its geneses, the current reports have shown that it is a very promising and 
active research field attempting to translate these promising materials into real sensor 
devices. 
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6. Appendix  
 
A 1: The 400-MHz 1H-nuclear magnetic resonance spectrum of the 4-hydroxy(ethoxycarbonylbenzene) 
in DMSO-d6.  
A 2: Spectral conditions of the 1H-NMR spectrum of the 4-hydroxy(ethoxycarbonylbenzene) 
Parameter Value 
Solvent DMSO 
Temperature 298.2 
Pulse Sequence zg30 
Probe 5 mm QNP 1H/ 13C/ 31P/ 19F Z3055/ 0065 
Number of Scans 16 
Receiver Gain 724.1 
Relaxation Delay 1.0000 
Pulse Width 14.2000 
Acquisition Time 3.1654 
Spectrometer Frequency 250.13 
Spectral Width 5176.0 
Lowest Frequency -1040.1 
Nucleus 1H 
Acquired Size 16384 
Spectral Size 65536 
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A 3: The 400-MHz 1H-nuclear magnetic resonance spectrum of the 1,3,5- tris(bromomethyl)benzene in 
DMSO-d6 
A 4: Spectral conditions of the 1H-NMR spectrum of the 1,3,5- tris(bromomethyl)benzene 
Parameter Value 
Solvent DMSO 
Temperature 298.3 
Pulse Sequence zg30 
Probe 5 mm PABBI 1H/ D-BB Z-GRD Z820201/ 0179 
Number of Scans 16 
Receiver Gain 203.0 
Relaxation Delay 1.0000 
Pulse Width 8.5000 
Acquisition Time 2.0447 
Spectrometer Frequency 400.18 
Spectral Width 8012.8 
Lowest Frequency -1538.3 
Nucleus 1H 
Acquired Size 16384 
Spectral Size 65536 
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A 5: The 400-MHz 1H-nuclear magnetic resonance spectrum of the triethyl 1,3,5-tris(4-ethoxycarbonyl-
phenoxymethyl)benzene in DMSO-d6. 
A 6: Spectral conditions of the 1H-NMR spectrum of the triethyl 1,3,5-tris(4-ethoxycarbonyl-
phenoxymethyl)benzene 
Parameter Value 
Solvent DMSO 
Temperature 298.2 
Pulse Sequence zg30 
Probe 5 mm QNP 1H/ 13C/ 31P/ 19F Z3055/ 0065 
Number of Scans 16 
Receiver Gain 1448.2 
Relaxation Delay 1.0000 
Pulse Width 14.2000 
Acquisition Time 3.1654 
Spectrometer Frequency 250.13 
Spectral Width 5176.0 
Lowest Frequency -1043.3 
Nucleus 1H 
Acquired Size 16384 
Spectral Size 65536 
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A 7: Spectral conditions of the 1H-NMR spectrum of the H3TCPMB ligand 
Parameter Value 
Solvent DMSO 
Temperature 298.2 
Pulse Sequence zg30 
Probe 5 mm PABBI 1H/ D-BB Z-GRD Z820201/ 0179 
Number of Scans 16 
Receiver Gain 90.5 
Relaxation Delay 1.0000 
Pulse Width 8.5000 
Acquisition Time 2.0447 
Spectrometer Frequency 400.18 
Spectral Width 8012.8 
Lowest Frequency -1538.8 
Nucleus 1H 
Acquired Size 16384 
Spectral Size 65536 
 
 
 
 
A 8: The 500-MHz 1H-nuclear magnetic resonance spectrum of the 2,6-dicarboxypyridine-4-(1H)-one in 
DMSO-d6. 
 
155 
 
 
 
A 9: Spectral conditions of the 1H-NMR spectrum of the 2,6-dicarboxypyridine-4-(1H)-one 
Parameter Value 
Solvent DMSO 
Temperature 298.2 
Pulse Sequence zg30 
Probe 5 mm PABBO BB/ 19F-1H/ D Z-GRD Z113652/ 0120 
Number of Scans 16 
Receiver Gain 128.0 
Relaxation Delay 1.0000 
Pulse Width 11.7500 
Acquisition Time 1.6384 
Spectrometer Frequency 499.87 
Spectral Width 10000.0 
Lowest Frequency -1921.6 
Nucleus 1H 
Acquired Size 16384 
Spectral Size 65536 
 
 
A 10: The 500-MHz 13C-nuclear magnetic resonance spectrum of the 2,6-dicarboxypyridine-4-(1H)-one 
in DMSO-d6 
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A 11: Spectral conditions of the 13C-NMR spectrum of the 2,6-dicarboxypyridine-4-(1H)-one 
Parameter Value 
Solvent DMSO 
Temperature 298.1 
Pulse Sequence zgpg30 
Probe 5 mm PABBO BB/ 19F-1H/ D Z-GRD Z113652/ 0120 
Number of Scans 1707 
Receiver Gain 2050.0 
Relaxation Delay 2.0000 
Pulse Width 10.0000 
Acquisition Time 0.5505 
Spectrometer Frequency 125.70 
Spectral Width 29761.9 
Lowest Frequency -2367.3 
Nucleus 13C 
Acquired Size 16384 
Spectral Size 32768 
 
 
A 12: The 500-MHz 1H-nuclear magnetic resonance spectrum of the dimethyl 4-hydroxypyridine-2,6-
dicarboxylate in DMSO-d6. Inset: magnification of the resonance signal attributed to the proton 3. 
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A 13: Spectral conditions of the 1H-NMR spectrum of the dimethyl 4-hydroxypyridine-2,6-
dicarboxylate 
Parameter Value 
Solvent DMSO 
Temperature 298.1 
Pulse Sequence zg30 
Experiment 1D 
Probe 5 mm PABBO BB/ 19F-1H/ D Z-GRD Z113652/ 0120 
Number of Scans 16 
Receiver Gain 128.0 
Relaxation Delay 1.0000 
Pulse Width 11.7500 
Acquisition Time 1.5903 
Spectrometer Frequency 499.87 
Spectral Width 10302.2 
Lowest Frequency -2073.2 
Nucleus 1H 
Acquired Size 16384 
Spectral Size 65536 
 
 
A 14: The 500-MHz 13C-nuclear magnetic resonance spectrum of the dimethyl 4-hydroxypyridine-2,6-
dicarboxylate in DMSO-d6 
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A 15: Spectral conditions of the 13C-NMR spectrum of the dimethyl 4-hydroxypyridine-2,6-
dicarboxylate 
Parameter Value 
Solvent DMSO 
Temperature 298.1 
Pulse Sequence zgpg30 
Experiment 1D 
Probe 5 mm PABBO BB/ 19F-1H/ D Z-GRD Z113652/ 0120 
Number of Scans 640 
Receiver Gain 2050.0 
Relaxation Delay 2.0000 
Pulse Width 10.0000 
Acquisition Time 0.4981 
Spectrometer Frequency 125.71 
Spectral Width 32894.7 
Lowest Frequency -2658.3 
Nucleus 13C 
Acquired Size 16384 
Spectral Size 32768 
 
 
A 16: The 500-MHz 1H-nuclear magnetic resonance spectrum of the 1,3,5-tris(2,6-dimethoxycarbonyl-
pyridine-4-oxy methyl)benzene in DMSO-d6 
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A 17: Spectral conditions of the 1H-NMR spectrum of the 1,3,5-tris(2,6-dimethoxycarbonyl-pyridine-
4-oxy methyl)benzene 
Parameter Value 
Solvent DMSO 
Temperature 298.2 
Pulse Sequence zg30 
Experiment 1D 
Probe 5 mm PABBI 1H/ D-BB Z-GRD Z820201/ 0179 
Number of Scans 32 
Receiver Gain 203.0 
Relaxation Delay 1.0000 
Pulse Width 8.5000 
Acquisition Time 2.0447 
Spectrometer Frequency 400.18 
Spectral Width 8012.8 
Lowest Frequency -1538.7 
Nucleus 1H 
Acquired Size 16384 
Spectral Size 65536 
 
A 18: Spectral conditions of the 1H-NMR spectrum of the Na6TDCPMB ligand salt 
Parameter Value 
Solvent D2O 
Temperature 298.4 
Pulse Sequence zgpr 
Experiment 1D 
Probe 5 mm PABBI 1H/ D-BB Z-GRD Z820201/ 0179 
Number of Scans 256 
Receiver Gain 32.0 
Relaxation Delay 1.0000 
Pulse Width 8.5000 
Acquisition Time 2.0447 
Spectrometer Frequency 400.18 
Spectral Width 8012.8 
Lowest Frequency -2089.7 
Nucleus 1H 
Acquired Size 16384 
Spectral Size 65536 
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A 19: Spectral conditions of the 13C-NMR spectrum of the Na6TDCPMB ligand salt 
Parameter Value 
Solvent D2O 
Temperature 296.9 
Pulse Sequence zgpg30 
Experiment 1D 
Probe 5 mm PABBI 1H/ D-BB Z-GRD Z820201/ 0179 
Number of Scans 7168 
Receiver Gain 203.0 
Relaxation Delay 1.0000 
Pulse Width 14.1000 
Acquisition Time 0.6816 
Spectrometer Frequency 100.64 
Spectral Width 24038.5 
Lowest Frequency -1669.6 
Nucleus 13C 
Acquired Size 16384 
Spectral Size 32768 
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A 20: TG (black) and DTA (red) curves of H3TCPMB (a), H6TDCPMB (b) and Na6TDCPMB (c) 
161 
 
 
 
A 21: Asymmetric units and coordination geometries of the central ions for Eu-TCPMB, Tb-TCPMB, 
Gd-TCPMB and Tb0.95Eu0.05-TCPMB. 
 
A 22: Matt drawing of the asymmetric units of Eu-TCPMB, Tb-TCPMB, Gd-TCPMB and Tb0.95Eu0.05-
TCPMB. 
 
A 23: The coordination geometries of EuIII, TbIII, GdIII and TbIII ions in Eu-TCPMB, Tb-TCPMB, Gd-
TCPMB and Tb0.95Eu0.05-TCPMB resulting in a distorted D4d symmetry site for the central ions 
 
A 24: The connection mode of the LnIII ions in the binuclear units of Eu-TCPMB, Tb-TCPMB, Gd-
TCPMB, Tb0.95Eu0.05-TCPMB. 
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A 25: Experimental XRD patterns of Eu-TCPMB-tppo (dark) and Eu-TCPMB-phen. 
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A 26: TG and DTA curves of Eu-TCPMB (a), Tb-TCPMB (b), Eu-TCPMB-tppo (c) and Eu-TCPMB-phen (d) 
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A 27: TG and DTA curves of Eu-TDCPMB (a), Gd-TDCPMB (b) and Tb-TDCPMB (c). 
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A 28: Diffractograms of the compounds constructed from HAC only (a), H2BDC only (b) and the mixing 
ligands (c). 
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A 29: FT-IR spectra of HAC, H2BDC, NaAC, Na2BDC, Eu-AC, Eu-BDC, Eu-AC-BDC. 
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A 30: FT-IR spectra of Na2BDC and Eu-BDC (a) and of NaAC, Eu-AC (b) the range 1700 – 400 cm-1. 
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A 31: TG and DTA curves of Eu-AC, Eu-BDC and Eu-AC-BDC 
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A 32: TG and DTA curves of the compound represented by TbxEu1-xacacxBDC1.5-x/2 (x = 0.99, 0.95, 0.93 
and 0.9. 
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A 33: Emission GdL at 77 K and 300 K upon 
excitation at 283 nm 
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A 34: Excitation monitored and emission spectra of 
Gd1.92Tb0.08-TDCPMB at room temperature. 
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A 35: Excitation and emission spectra of Eu-TDCPMB obtained using diverse synthetic methodologies. 
The conditions of each synthesis are described in the inset.  
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A 36: List of used ligands. 
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9-anthracenecarboxylic acid (HAC) 
 
 
Acetylacetone (Hacac) 
 
 
1,4-benzene dicarboxylic acid (H2BDC) 
 
 
1,3,5-tris(4-carboxyphenoxy methyl)benzene (TCPMB) 
1,3,5-tris(2,6-dicarboxypyridine-4-oxy methyl)benzene (H6TDCPMB) 
